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Disinfection by-products (DBPs) have been a water treatment concern since their 
discovery in the 1970’s. Today, only eleven drinking water DBPs are regulated by the 
Environmental Protection Agency (EPA). However, over 500 DBPs have been identified 
in drinking waters with advances in analytical methods within the last two decades. 
Halonitromethanes (HNMs) were among the fifty-plus unregulated high-priority DBPs 
that were monitored for and detected in drinking waters in a recent nationwide 
occurrence study funded by EPA. The toxicology studies conducted in recent years 
showed that HNMs are one of the most cytotoxic and genotoxic classes among the 
emerging DBPs, and they have orders of magnitude higher toxicity levels (i.e., 
cytotoxicity and genotoxicity) than any of the regulated organic DBPs. Although DBP 
formation is typically studied in the confines of the drinking water industry, there is 
growing concern about the effects of wastewater treatment plant discharges on DBP 
formation. As drinking water demands increase and drought conditions become more 
frequent, indirect potable reuse of wastewater is gaining more attention and interest 
around the world. Finally, in recent years, some DBP species have been included in 
discharge permits of wastewater treatment effluents. Therefore, it is also important to 
examine and understand the formation of DBPs and the presence of DBP precursors in 
wastewater effluents.   
The objectives of this project were to investigate the HNM formation potentials of 
wastewater treatment plant effluents under different disinfection conditions, to study the 
effect of ultraviolet light (UV) disinfection in wastewater treatment facilities on HNM 
iii 
 
formation potentials, and to quantify the actual occurrence of HNMs at the effluents of 
selected wastewater treatment plants. The wastewater treatment plants that participated in 
this project include facilities with and without nitrification capabilities. The five 
disinfection scenarios investigated in this study were ozonation, ozone-chlorination, 
chlorination, ozone-chloramination, and chloramination. 
 The results showed that among the five disinfection scenarios tested, HNM yields 
were in the order of ozonation-chlorination >>> ozonation-chloramination > chlorination 
> chloramination > ozonation. Pre-ozonation prior to chlorination and chloramination 
significantly increased HNM formation, while ozonation alone did not produce any 
HNMs. Therefore, HNM formation is expected to be problematic mainly in treatment 
plants using ozonation followed by chlorination. The use of chloramines after ozonation 
significantly decreases HNM formation compared to using chlorine after ozonation. 
Chloramination produced the least amount of HNMs of all the disinfection scenarios 
tested. Despite some of its disadvantages (e.g. weak disinfectant, nitrification problems in 
distribution systems), it appears that chloramination produces significantly lower 
amounts of HNMs as well as regulated trihalomethanes and haloacetic acids than 
chlorination. 
 The typical UV disinfection conditions in full-scale municipal wastewater 
treatment plants (WWTPs) using low pressure lamps did not change the HNM formation 
potential (compared to the same water prior to UV disinfection) in wastewater effluents. 
Actual HNM concentrations at the effluents of full-scale WWTPs using chlorine 
disinfection were below 2 g/L, while no HNM formation was observed at the effluents 
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of WWTPs using UV disinfection. It appears that at the typical disinfectant doses and 
detention time of wastewater disinfection, trace amounts of HNMs will form. However, 
WWTPs still release HNM (and other DBP) precursors, as observed with the formation 
potential tests, to downstream users. 
 Comparison of HNM formation potential yields of the Greenville drinking water 
treatment plant (DWTP) effluent with the effluents of the WWTPs located in the service 
area of the Greenville DWTP showed that the HNM yields were higher in the wastewater 
effluents than in the treated drinking water, except for the case of chlorination. 
Significantly higher HNM yields in the wastewater effluents were attributed to significant 
amounts of HNM precursors produced during biological treatment and/or present in the 
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INTRODUCTION AND OBJECTIVES 
 Chlorine disinfection was first performed in 1908 at a drinking water treatment 
plant in Chicago, Illinois, and as chlorine disinfection’s popularity spread, a dramatic 
reduction in the cases of waterborne illnesses was observed (Haas, 1999).  Although 
disinfection is an essential treatment process in providing safe drinking water, 
disinfection by-products (DBPs) were discovered early in the 1970s and have become a 
major regulatory driving force in the United States. DBPs are formed as a result of 
reactions between natural organic matter (NOM) present in all source waters, bromide or 
iodide that may also be present, and an oxidant (disinfectant). Currently, the 
Environmental Protection Agency (EPA) regulates eleven DBPs including four 
trihalomethanes, five haloacetic acids, chlorite, and bromate. However, since their initial 
discovery, over 500 DBPs have been identified in drinking waters. One DBP class of 
growing concern is halonitromethanes (HNMs). The three brominated species of HNMs 
(bromo, dibromo, and tribromonitromethane) received the highest priority level by the 
EPA because of their possible adverse health effects (Plewa et al. 2004).  
 Although DBP formation is typically studied in the confines of the drinking water 
industry, there is growing concern about the effects of wastewater treatment plant 
discharges on DBP formation. As drinking water demand increases and drought 
conditions become more frequent, indirect potable reuse is gaining more attention and 
interest around the world. Indirect potable reuse occurs when a drinking water treatment 
plant uses source water downstream from a wastewater treatment plant discharge. For 
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example, depending on climate conditions, wastewater effluents may become the major 
contribution of flow in a source water, especially in headwaters like in northwest South 
Carolina. The addition of wastewater effluents to a water body increases the 
concentrations of both DBPs and DBP precursors that would not have been present 
otherwise (Krasner et al. 2006). Finally, in recent years, some DBP species (e.g., 
trihalomethanes [THMs]) have been included in discharge permits of wastewater 
treatment plants. Therefore, it is important to examine and understand the formations of 
DBPs and DBP precursors in the wastewater effluents.   
 Research has been performed to investigate HNM formation, but most studies 
have concentrated on chloropicrin (trichloronitromethane) rather than the other species of 
HNMs (chloronitromethane, dichloronitromethane, bromonitromethane, 
bromochloronitromethane, bromodichloronitromethane, dibromonitromethane, 
dibromochloronitromethane, and tribromonitromethane). The formation of all nine 
HNMs was largely overlooked since the chemical standards and analytical techniques 
only became available in the 2000s. It should also be noted that the majority of research 
concerning HNMs has focused on drinking water rather than wastewater (Hoigne and 
Bader, 1988, Weinburg et al, 2002, Choi and Richardson, 2004).  
  This research project focused on three objectives. The first objective was to 
investigate the formation potentials (i.e., total amount of HNM precursors available) of 
HNMs in wastewater treatment plant effluents under different disinfection conditions. 
Unlike most of the previous research, all nine species of HNMs were quantified in this 
project. The wastewater results were also compared to the formation potential of HNMs 
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in drinking water treatment facilities that was also being investigated in our research 
group (Hu, 2008). Furthermore, the correlations between selected water quality 
parameters (dissolved organic carbon, dissolved organic nitrogen, and specific ultraviolet 
absorbance) that can be easily measured at a treatment plant and HNM formation were 
examined. 
 The second research objective was to study the effect of UV disinfection on 
HNM formation potentials in wastewater treatment plants. Since UV disinfection 
technology has become widespread in the wastewater treatment industry, it is of practical 
importance to examine the impact of typical wastewater disinfection on the formation 
potential of HNMs. 
 The third research objective was to measure actual HNM concentrations at the 
effluents of selected wastewater treatment plants to gain some information about the 
occurrence of HNMs at wastewater effluents. In recent years, DBPs (e.g., THM species) 
have been included in the permit limits of the wastewater treatment plants. Therefore, 
having some knowledge about the formation levels of HNMs, which are more toxic than 












 Disinfection by-products (DBPs) have been a water treatment concern since their 
discovery in the 1970’s, and have been regulated in the United States since 1979 when 
the Environmental Protection Agency (EPA) set the maximum concentration of 
trihalomethanes (THMs) at 100 parts per billion (ppb) in a finished water (Richardson, 
2003). Later regulations by the EPA have set maximum contaminant levels (MCLs) for 
THMs, haloacetic acids (HAAs), bromate, and chlorite (AWWA, 1999); overall eleven 
DBPs are currently regulated in drinking waters. Further DBP regulations will 
undoubtedly continue in the future, and since the initial discovery of THMs in drinking 
water, over 500 hundred DBPs have been identified. DBPs were prioritized based on 
available toxicity data and a structural activity relationship analysis to guide future 
research efforts (Krasner et al. 2006, Richardson, 2003). During 2000-2002, a nationwide 
DBP occurrence study was funded by the EPA to study the formation of approximately 
50 currently unregulated DBPs that were previously categorized to pose the highest 
human health risks (i.e. high priority DBPs) of the 500+ identified DBP’s (Weinberg et 
al. 2002). The high priority DBPs in the EPA study included haloacetonitriles, 
haloketones, haloacids, halomethanes, iodo-trihalomethanes, and halonitromethanes. 
Halonitromethane toxicity 
 When EPA prioritized all the identified DBPs, the three bromonitromethanes 
(bromo, dibromo, and tribromonitromethane) received the highest priority ranking due to 
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the high human health risk associated with these compounds (Plewa et al. 2004). Also, 
bromonitromethane and dibromonitromethane were given the highest priority in the 
structural activity relationship analysis (Richardson, 2003). All nine HNM species have 
been shown to be cytotoxic and genotoxic to mammalian cells, with 
dibromonitromethane being the most toxic in both toxicity categories (Plewa et al. 2004). 
The cyto- and genotoxicity rankings of the HNM species are listed in Table 2.1. When 
compared to the currently regulated DBPs, it has been shown that HNMs are 1.3 to 82.6 
times as toxic as HAAs at the same dose (Plewa et al. 2004). A combined toxicity index 
for DBPs has been developed by Plewa et al. (2008) to give comparisons between the 
different classes and types of DBPs. The cyto- and genotoxicity values of individual DBP 
compounds were measured, averaged and added together to create a combined toxicity 
value (Plewa et al. 2008). As seen in Figure 2.1, HNMs are orders of magnitude more 
toxic than the currently regulated THMs and HAAs. Plewa et al. (2008) also grouped the 
DBPs as carbonaceous or nitrogenous and reported that nitrogen containing DBPs are 
much more toxic than those DBPs containing carbon (Figure 2.2). 





Chloronitromethane 8 9 
Dichloronitromethane 7 8 
Trichloronitromethane 9 4 
Bromochloronitromethane 6 7 
Bromodichloronitromethane 5 2 
Bromonitromethane 3 5 
Dibromonitromethane 1 1 
Dibromochloronitromethane 2 6 
























Figure 2.2 Combined Toxicity of Nitrogenous and Carbonaceous  









Wastewater reuse and indirect potable reuse 
 
 Wastewater reuse exhibits a growing trend in the United States as the country’s 
water demand continues to increase. It is estimated that 34.9 billion gallons of wastewater 
are produced in the United States per day, and in 2006, 2.6 billion gallons of wastewater 
were reused (Miller, 2006). It is estimated that the volume of wastewater reused in the 
United States grew by 15% from 2002 to 2006 and will continue to grow by at least 15%. 
Examples of wastewater reuse include golf course irrigation, process cooling, crop 
irrigation, and ground water recharge. When a wastewater treatment plant (WWTP) 
discharges downstream from a drinking water treatment plant, it is known as unplanned 
indirect potable reuse (IPR). One of the major concerns in the drinking water industry 
about IPR is that WWTP effluents introduce DBP precursors to source waters that would 
have not been present otherwise (Krasner et al. 2006). Because the regulations of 
drinking water sources are stringent, wastewater impacted source waters may only 
contain 5-10% of wastewater flow (Sirivedhin and Gray, 2005). When high quality 
source water is not available or economically viable for use by a drinking water utility, a 
low quality, wastewater impacted source water may be used. It has been estimated that 
some southwestern U.S. source waters contain up to 50% WWTP effluent as total flow at 
low flow conditions (Crook et al. 1999). 
The problems and concerns associated with indirect potable reuse are numerous, 
but one particular concern is the effect of WWTP effluents on the DBP formation in 
downstream DWTPs. Specifically, WWTPs release both DBPs, depending on the 
disinfection strategy used, and DBP precursors that will react in downstream DWTP 
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operations (Krasner et al. 2005). Since municipal wastewater effluent organic matter is 
typically hydrophilic in nature (i.e. non-humic), it is generally not as reactive in terms of 
THM formation as a fresh water. However, because of its higher concentrations of 
ammonia and organic nitrogen, nitrogenous DBPs, which pose greater public health risk, 
are more likely to form (Krasner, 2006). 
Effluent Organic Matter and Soluble Microbial Products 
In the wastewater industry, the term effluent organic matter (EfOM) is used to 
define the mixture of natural organic matter (NOM), soluble microbial products (SMPs), 
and refractory chemicals that make up the organic fraction of a WWTP effluent (Shon et 
al. 2006). The sources of NOM and SMPs in a WWTP are drinking water and microbial 
metabolism, respectively. It has been shown by multiple researchers that SMPs make up 
the majority of EfOM (Barker and Stuckey, 1999, Jarusutthirak and Amy, 2007, Grady et 
al. 1999). Grady et al. (1999) state that when a single substrate is fed into a microbial 
culture the majority of effluent compounds are not the initial substrate, and have higher 
molecular weights than the initial substrate. 
 SMPs in wastewater treatment consist of chemicals that are released during 
microbial metabolism and decay in a biological treatment system (Barker and Stuckey, 
1999). The categories used to describe SMPs are growth associated products (GAPs), 
which are released during biomass growth and substrate use, and biomass associated 
products (BAPs), which are released during cell lysis and the solublization of particulate 
cell material (Grady et al. 1999). It was shown that not only are more BAPs produced 
than GAPs in an anaerobic treatment system, but they are also more difficult to degrade 
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(Barker and Stuckey, 2001). It is speculated that the source of GAPs in a treatment 
system is the growth substrate, and that the source of BAPs are cell macromolecules 
(Urbain et al. 1998). 
SMPs have been found to contain, humic and fulvic acids, polysaccharides, 
nucleic acids, proteins, and amino acids (Barker and Stuckey, 1999). Heljzlar and 
Chudoba (1986) focused on identifying compounds in the high molecular weight (MW) 
range (>10 Kda), since cellular by-products are, for the most part, categorized as high 
MW. It was found that SMPs contain sugars, amino sugars, uronic acids, and amino acids 
with glucosamine and galactosamine being the most prevalent amino sugars and aspartic 
acid, glycine, and threonine being the most prevalent amino acids (Heljzlar and Chudoba, 
1986). 
UV disinfection 
UV oxidation has been widely used in industrial process, and surprisingly, UV 
disinfection was first applied to drinking water in the early 1900’s but was given up 
because of the crude equipment and maintenance capabilities of the time (Wolfe, 1990). 
UV disinfection is an attractive process option in wastewater treatment systems because 
no chemical oxidants are added to the effluent stream to form DBPs or leave a 
disinfectant residual. UV disinfection has also been applied in drinking water plants, 
especially in Europe, but for plants in the U.S., chemical disinfectants must be used to 
maintain a distribution disinfectant residual (Wolfe, 1990). UV light works as a 
disinfectant by causing dimerization of the bases on microbial DNA, rendering the 
organisms unable to replicate (Gagnon et al. 2004) 
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UV disinfection has been used in water treatment applications since the 1970s, 
and low pressure mercury vapor lamps are typically used when designing treatment 
processes (Zhou and Smith, 2001). High pressure lamps are also implemented in UV 
applications because they create a higher intensity light than the low pressure lamps do, 
which is more attractive to plants with high flow rates (Wolfe, 1990). UV disinfection is 
applied using a dose just like chemical disinfection processes. UV dose is defined in units 
of Watt seconds per square centimeter (J/cm
2
) and is measured using a radiometer or 
similar sensor (Zhon and Smith, 1997). Typical UV doses for wastewater disinfection 
range from 30 to 120 mJ/cm
2
 depending on whether water reuse or human exposure are 
considerations, and pilot studies should be performed to confirm the design dose of a UV 
system (Sakamoto et al. 2001, Metcalf and Eddy, 2003, Snicer et al. 2000). Typical UV 
doses for drinking water treatment range from 30-80 mJ/cm
2
 (Gagnon et al, 2004). 
Problems associated with UV disinfection are lamp surface fouling, short 
circuiting in the contact chamber and increased suspended solids concentrations. 
Mechanisms are put in place to mechanically clean the surface of the UV lamps to 
prevent fouling. Suspended solids in waters for UV treatment must be kept at a minimum, 
as they negatively affect the efficiency of the process by absorbing and scattering light. 
There is concern that UV disinfection may cause DBP formation, but 
photooxidation is typically seen from UV doses much greater than those applied in water 
treatment systems (Mackey et al. 2001). The effect of UV disinfection on chloropicrin 
formation after secondary chlorination has been investigated (Kashinkunti et al. 2006). 





, and the samples were then chlorinated to form DBPs. No increase in 
chloropicrin formation was observed for the low pressure lamps and an increase of 1 ppb 
was observed from the medium pressure lamps at 140 mJ/cm
2 
(Kashinkunti et al. 2006). 
Libertie et al. (2002) reported no wastewater DBP formation even after applying a UV 
dose of 25,000 mJ/cm
2 
with no chlorination. Zheng et al. (2001), studied THM and HAA 
formation after UV disinfection at 100 mJ/cm
2
 and up to 48 mg/L chlorine with no 
increase in formation. Liu et al (2002) investigated THM and HAA formation from 
chlorination after previous UV contact. No increase in THM or HAA formation were 
seen even in UV doses up to 1000 mJ/cm
2
, but it was reported that an increase in 
aldyhyde and carboxylic acid formation was seen in doses over 1000 mJ/ cm
2
.  
DBP Precursors in WWTP Effluent 
 DBP precursors are commonly quantified as dissolved organic carbon (DOC), 
which is a measure of the concentration of natural organic matter in drinking water and 
effluent organic matter in a wastewater that pass a 0.45 µm filter. The DOC 
concentrations of DWTP source water can vary greatly based on geographic location and 
time of year. The DOC concentrations of WWTP effluents also vary depending on 
treatment processes used and the composition of influent wastewater. Krasner et al. 
(2005) conducted a DBP precursor survey of 20 WWTPs in the United States and 
reported effluent DOC concentrations ranging from 0.3 to 23 mg/L. The DOC 
concentration range found in WWTPs can be similar to that of DWTPs, but the 
characteristics of EfOM are quite different from NOM. 
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One simple approach to characterizing the composition of DOC is determining 
specific ultra-violet light absorbance (SUVA). SUVA254 is calculated by dividing the 
light absorbance value at 254 nm of a water sample by its DOC concentration (i.e., UV 
(cm
-1
) x 100 / DOC (mg/L) or UV (m
-1
) / DOC (mg/L)). Drinking water SUVA254 values 
can vary greatly, but a typical WWTP effluent SUVA254 value is less than 2 L/mg-m 
(Krasner et al. 2005). In drinking water sources, a high SUVA254 water (>3 L/mg-m) 
contains high molecular weight, humic material and is hydrophobic in nature, whereas a 
low SUVA254 water (<3 L/mg-m) contains low molecular weight, non humic material and 
is hydrophilic in nature (Leenheer and Croue, 2003). Low SUVA254 water contains 
hydrophilic acids, proteins, amino acids, and carbohydrates, all of which should be 
expected in a wastewater effluent (Owen et al. 1995).  However, there are high MW non-
UV absorbing organics in EfOM.  
 Bromide is another compound that is important for DBP formation. Bromide is 
present in drinking water sources near coastal regions due to salt water intrusion, and 
bromide concentrations can reach as high as 3 mg/L (Richardson et al. 1999). Because 
bromide is in drinking water, it finds its way into wastewater treatment plants as well. 
Along with drinking water, industrial discharges may be another source of bromide in 
WWTPs. Krasner et al. (2005) reported an average effluent bromide concentration of 
0.19 mg/L in 20 WWTPs in the United States. The monitoring of bromide concentrations 
is important because as the bromide concentration increases in a water, the DBP 
speciation will shift to chloro-bromo mixed and eventually to brominated species. This 
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becomes an important issue because brominated DBPs are more toxic than chlorinated 
DBPs as a whole (Plewa et al. 2008). 
Nitrite is also measured as a precursor for nitrogenous DBPs.  Choi and 
Richardson (2004) studied the effect of nitrite on HNM formation. Ozone and chlorine 
were added to solutions containing organic precursors with and without nitrite. HNMs 
only formed in the solutions containing nitrite and it is speculated that an oxidation 
intermediate such as dinitrogen tetraoxide may be responsible for the incorporation of 
nitrite in the HNM structure (Choi and Richardson, 2004). One issue with nitrite as a 
DBP precursor is that it is unstable and not typically present at appreciable concentrations 
in waters. Since nitrification is a widely used treatment process in WWTPs, nitrate is the 
most abundant form of nitrogen present in a wastewater effluent, and the nitrite would 
only be present in appreciable quantities, if the nitrification process used were 
incomplete. Nitrite can be found in natural waters, but its presence is seasonally 
dependent. Nitrite concentrations in natural water increase in colder months due to reduce 
microbial activity (nitrification). 
Organic nitrogen plays a role as a likely nitrogenous DBP precursor and both 
organic and inorganic nitrogen are typical constituents in both waste and natural waters 
(Lee et al. 2007). Organic nitrogen can be found in the form of humic substances, amino 
acids, amines, amides, and nitriles (Westerhoff and Esparza, 2003, Wei et al. 2002). 
Organic nitrogen was found in 14,000 U.S. surface waters that were surveyed, with an 
average concentration of 0.34 mg-N/L (Westerhoff and Esparza, 2003). Organic nitrogen 
enters surface water from a variety of sources. Natural runoff, decay of vegetative matter, 
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fertilizer runoff from agricultural applications, and wastewater discharges are some 
examples of DON sources to surface water (Westerhoff and Esparza, 2003). Lee et al. 
(2007) studied the precursor effect of organic nitrogen on trichloronitromethane 
(chloropicrin) by running formation potential tests on various NOM isolates of various 
source waters. Chlorine and monochloramine were the oxidants applied during the 
formation potential studies. The average chloropicrin concentration observed was 6 
nmol/L. It was also found that nitrogen incorporation from organic nitrogen was greater 
when chlorine was used as the disinfectant rather than monochloramine (Lee et al., 2007). 
Specific organic compounds have been shown to be HNM precursors as well. 
Merlet et al. (1985) tested nitrophenols, nitromethane, and nitrobenzene as possible HNM 
precursors. When the organic compounds were chlorinated, meta-nitrophenol and 
nitromethane produced the highest yields of chloropicrin (Merlet et al. 1985). A humic 
acid, sometimes used to model NOM, has also been tested as a precursor (Merlet et al. 
1985, Choi and Richardson, 2004). It has been shown that chloropicrin was formed from 
chlorination of humic acid (Merlet et al. 1985). However, in another study, the 
chlorination of an aquatic humic acid did not form chloropicrin (Choi and Richardson, 
2004). Triethanolamine has also been tested as an HNM precursor (Hoigne and Bader, 
1988). Triethanolamine is a compound used in pet shampoos and disinfectants, and more 
than one million pounds are produced annually in the U.S. (Scorecard, 2008). It was 





HNM Formation in Drinking Water 
Chloropicrin is the first HNM identified in drinking water (Hoigne and Bader, 
1988). Chloropicrin became a concern in the drinking water industry due to its previous 
industrial and agricultural applications. Both tear gas and pesticides contained 
chloropicrin prior to its identification as a DBP (Hoigne and Bader, 1988). 
 Ozone is implicated in the formation mechanism for HNMs, because pre-
ozonation has been shown to increase HNM formation, which is discussed in further 
detail below (Hoigne and Bader, 1985, Choi and Richardson, 2004). One formation 
mechanism (See Figure 2.3) proposed is that ozone or chlorine oxidizes amino groups to 
nitrite, and then the nitro groups are incorporated to the HNM structure (Merlet et al. 
1985). It is also proposed that nitrogen oxides produced in ozone generators may act as 
the nitration agent in formation (see Figure 2.3) (Merlet et al. 1985). It is speculated that 
chloropicrin formation increases after pre-ozonation because precursors amounts are 
increased due to the partial oxidation of aromatic compounds found in the water (von 
Guten, 2003). It should be noted that none of the proposed formation mechanisms 
mentioned previously have been experimentally verified. 
 
Figure 2.3 Possible formation mechanisms for HNMs (Merlet et al. 1985) 
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Several studies have been performed on the formation of HNMs in natural and 
drinking source water. Most formation studies in the literature focus on chloropicrin 
(trichloronitromethane) partially due to the fact that chemical standards for all nine HNM 
species became available early in 2000. Typical disinfection strategies used in HNM 
formation potential studies found in the literature are chlorination and ozone-chlorination. 
There has been some work performed using chloramines to form HNMs but this work is 
much less prevalent that the chlorine work. Chlorine is widely used as a disinfectant 
because of its low cost, and virtually all HNM formation potential tests that have been 
reported include a chlorination scenario. Hoigne and Bader (1988) investigated the 
formation of chloropicrin in two drinking source waters in Europe. NOM isolates taken 
from the rivers were used in the formation tests (at 1.3 and 4 mg/L DOC), and upon 
chlorination (2 mg/L) in a batch reactor. Chloropicrin concentrations of 0.58 and 1.6 ug/L 
were measured (Hoigne and Bader, 1988). A study performed by Lee et al. (2007) 
focused on chloropicrin formation in NOM isolates (3 mg/L DOC samples were used) 
from rivers both in the United States and Europe and in the effluent of a wastewater 
treatment plant. Chlorine was spiked into batch reactors (5 mg/L Cl2/mg DOC), at 
constant temperature and allowed to react in darkness. The formation potential 
experiments were reacted for seven days, and an average chloropicrin concentration of 6 
nmol/L was reported (Lee et al. 2007). Choi and Richardson (2004) performed a study 
focusing on HNM formation and the effect of bromide concentration on HNM formation. 
HNMs, specifically chloropicrin, were formed from the chlorination of humic and fulvic 
acid standards (10 mg/L DOC), but only in the presence of nitrite (0.04 mM). Bromide 
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addition caused a shift in HNM speciation from chlorinated to brominated compounds as 
the bromide concentration increased in a humic acid solution. 
Ozone-chlorination is used in laboratory scale HNM formation potential tests to 
simulate pre-oxidation with ozone, which is a typical treatment practice. Hoigne and 
Bader (1988) studied the effect of pre-oxidation with ozone on chloropicrin formation 
with chlorine. Ozone and chlorine were used as disinfectants in a batch reactor. Samples 
were allowed to contact with ozone (1 mg/L) for one hour prior to the addition of 
chlorine (2 mg/L), which then reacted for 16 hours. Pre-ozonation increased the 
chloropicrin concentrations in the two waters used in the study. The study waters 
produced 2.1 µg/L and 6.1 µg/L chloropicrin with 2 mg/L pre-ozonation compared to 
0.58 and 1.6 µg/L with 2 mg/L chlorination only (Hoigne and Bader, 1988). Choi and 
Richardson (2004) also investigated the effect of pre-oxidation with ozone on HNM 
formation. A humic acid solution was pre-ozonated (10.5 mg/L) and then chlorinated (0.4 
mM). The ozone addition caused a slight increase in chloropicrin formation, but a 
dramatic increase in formation was seen as the bromide concentration in the humic acid 
solution was increased. 
As stated previously, formation studies using chloramination are not as prevalent 
as those using chlorination. Yang et al. (2007) investigated the formation of several DBPs 
(including chloropicrin) under chloramination conditions. Samples were extracted from 
disinfected (8 mg/L monochloramine), mixed reactors containing Suwannee River NOM 
isolate (5 mg/L DOC). Although chloropicrin formation was not the major focus of the 
study and data analysis, concentrations 1-5 nmol/l of chloropicrin were reported. 
18 
 
HNM formation in Wastewater 
Most of the HNM formation potential studies found in the DBP literature 
logically focus on formation in a drinking water matrix. Recently, there has been some 
work performed using municipal wastewater as a formation matrix for HNMs. These 
wastewater studies are performed in order to understand the effects of WWTP effluents 
on downstream DWTPs. 
The same types of DBPs (THMs, HAAs, HNMs) formed in DWTPs can be 
formed in WWTPs because the majority of the influent flow to a wastewater treatment 
plant originates from treated drinking water (Krasner, 2006). The factor that causes the 
difference in DBP formation between wastewater and drinking water is that the 
precursors found in a wastewater have different characteristics than precursors found in a 
drinking source. As stated previously, NOM is not the dominant DBP precursor in a 
WWTP as it is in DWTP source water, thus wastewater has different characteristics. The 
SUVA254 values found in wastewater are typically much lower than those found in 
typical drinking sources. Waters with lower SUVA values generally form less DBPs than 
high SUVA waters do to their decreased reactivity with chlorine (Krasner et al., 2005). 
Nitrification condition also plays a role in DBP formation. If a plant is well nitrified, the 
ammonia nitrogen values found in the water will be low (> 0.5 mg/L as N), but if the 
water is poorly nitrified, the ammonia concentration found in the water will be high, thus 
raising the chlorine demand of the water (Krasner et al., 2005). In essence, a well nitrified 
wastewater will form more DBPs than a poorly nitrified one because more free chlorine 
will be available to react with precursors rather than forming chloramines. 
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Krasner et al. (2005) performed a study investigating at DBP formation in 4 
WWTPs on the South Platte River. Samples were taken three times throughout the year, 
and formation potential tests were run using treated wastewater prior to disinfection. The 
HNM species analyzed during the study were bromonitromethane, dichloronitromethane, 
bromochloronitromethane, dibromonitromethane and trichloronitromethane 
(chloropicrin). The average DOC concentration of the 4 WWTPS was 10.8 mg/L, and 
chlorine was dosed such that no system was chlorine limited. The HNM formation from 
the 4 treatment plants ranged from 3.8 to 21 µg/L total HNM with an average HNM 
formation of 6.5 µg/L, and an increase in HNM formation potential was observed in the 
South Platte River downstream of the WWTP discharges (Krasner et al. 2005). 



























RESEARCH OBJECTIVES AND APPROACH 
 
 The main objective of this research was to investigate the formation of HNMs in 
wastewater effluents. Since the knowledge about the formation of HNMs in wastewater 
effluents is very limited, this study specifically focused on three sub-objectives: 
1) To investigate the formation potentials of HNMs in wastewater treatment plant 
effluents under selected disinfection conditions (i.e., chlorination, 
chloramination, ozonation, ozonation/chlorination, and ozonation/ 
chloramination). To accomplish this objective, HNM formation potential tests 
were performed using secondary clarifier effluents from seven wastewater 
treatment plants. Unlike most of the previous research, all nine species of HNMs 
were quantified in this project. In order to gain some insight to the precursors 
involved in HNM formation and to be able to predict the HNM formation 
potentials in wastewater effluents, the correlations between HNM formation and 
various water quality parameters (i.e., DOC, SUVA, DON, and DOC/DON) were 
examined. A water quality monitoring study was conducted throughout a year to 
characterize the selected wastewater effluents. In addition to conventional 
parameters (e.g., dissolved organic carbon, ultraviolet absorbance, nitrate, and 
nitrate), bromide and iodide concentrations, which are typically not monitored at 
WWTP effluents, were measured. The bromide and iodide data are expected to be 
useful since brominated and iodinated DBPs have been found to be much more 
toxic that chlorinated DBPs 
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2) The second research objective was to study the effect of UV disinfection in 
wastewater treatment plants on HNM formation potentials. Since the UV 
disinfection technology has become widespread in the wastewater treatment 
industry, it is practically important to examine the impact of typical wastewater 
disinfection on the formation potential of HNMs and other DBPs. Therefore, 
formation potential experiments, as conducted for the first objective above, were 
conducted using the wastewater samples collected before and after UV 
disinfection at selected wastewater treatment plants. 
3) The third research objective was to measure the actual HNM concentrations in 
the effluents of selected wastewater treatment plants to gain information about 
the occurrence of HNMs in wastewater disinfection. Therefore, HNM formation 
was quantified at the effluent of selected wastewater treatment plants periodically 
in 2007. Immediate extractions were performed in-situ with the collected samples 
without using any quenching agent since the effect of different quenching agents 











MATERIALS AND METHODS 
Wastewater Treatment Plants 
 Table 4.1 lists the wastewater treatment plants that participated in this study along 
with their locations and process configurations. The plants located in South Carolina are 
operated by the Western Carolina Regional Sewer Authority and are located in 
northwestern South Carolina. The South Carolina plants were chosen for study due to 
their proximity to Clemson University, and it should also be noted that all of the South 
Carolina plants achieved nitrification in their treatment processes. The plants in Colorado 
and Arizona were chosen because they achieved no nitrification in their treatment 
processes, and were added to contrast the South Carolina plants.  
HNM Formation Potential Experiments 
HNM formation potential experiments were performed using effluent samples 
from the Denver South Complex, Nogales International, Mauldin, Pelham, Lower Reedy, 
Gilder Creek, and Piedmont wastewater treatment plants. Denver South Complex and 
Nogales International were chosen for formation potential experiments because they 
achieved no nitrification. The five South Carolina treatment plants with nitrification were 
chosen for formation potential studies based on their elevated values of TOC, TON, 
bromide, and nitrite relative to the other participating treatment plants. Samples were 
taken from the South Carolina plants in early spring and late summer of 2007, while 
samples were taken from the Arizona and Colorado facilities in September and October 




Table 4.1  
Participating Wastewater Treatment Plants 
Plant Location Process Configuration 
Denver South Complex Colorado Activated Sludge with oxygen 
Nogales International Arizona Complete mixed lagoons, partial 
mixed lagoons, Filtration 
Mauldin South Carolina Biological nutrient removal 
activated sludge 
Pelham South Carolina Diffused air conventional activated 
sludge 
Georges Creek South Carolina Carousel aeration with anoxic zone, 
activated sludge 
Grove Creek South Carolina Extended aeration    activated 
sludge 
Lower Reedy South Carolina Biological nutrient revomal 
activated sludge, UCT VIP and 
Modified UNC Trains 
Gilder Creek South Carolina Extended aeration   activated sludge 







at Clemson University and stored in a constant temperature room (4 °C) until the 
experiments. 
The formation potential (FP) test method uses high doses of oxidants with the 
goal of maximizing the formation of DBPs in order to determine the amount of reactive 
precursors in a sample. This approach also allows comparisons of the extent of DBP 
formation from different oxidants. Since elevated levels of DBPs are formed during these 
tests, it is also easier to quantify and compare the DBP formation from different source 
waters or use of oxidants. Therefore, in this study HNM (FP) tests were performed to 
probe the amount of HNM precursors in wastewater samples and to compare the effect of 
different oxidants. The disinfection strategies applied during the formation potential 
experiments were chlorination, chloramination, ozonation, ozone-chlorination, and 
ozone-chloramination. Since different samples had different water quality constituents, 
common formulas were used for all samples to calculate the required oxidant dose based 
on the reactions of oxidants with different reactive components in water. The formulas 
used for oxidant dosing were ozone = [TOC], chlorine = 3[TOC] + 8[NH3-N] + 5[NO2
-
] 
+ 10, and, chloramine = 3[TOC] + 5[NO2
-
]. These formulas allowed consistent oxidant 
dosing for waters with varying TOC, ammonia and nitrite concentrations. Sixty-five 
milliliter batch reactors were filled completely with a wastewater sample. The 
chlorination and chloramination disinfection conditions were accomplished by directly 
spiking chlorine (~1600 mg/L) and chloramine (~800 mg/L) stock solutions to the 65 mL 
reactors to produce the desired disinfectant concentration. Both chlorine and chloramine 
were spiked using long needle glass syringes so that as the disinfectants were added to 
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the bottom of the reactor. The ozone-disinfectant conditions were achieved by first 
removing a calculated volume of sample from the 65 mL reactors that were replaced with 
an ozone stock solution of known concentration to produce the desired final ozone 
concentration in the system. After the application of ozone, the reactors were mixed for 5 
minutes, and if required, chlorine or chloramine was spiked and mixed in the reactor. 
Ozone concentrations were measured by the end of 5 minutes contact time to assure that 
ozone was not a limiting factor before any oxidant addition.  The contact time of 
ozonation was selected for five minutes because this corresponds to a typical ozonation 
time in a water treatment plant. After oxidant addition, the bottles were capped tightly 
with no headspace to minimize HNM volatilization. The ozone, chlorination, and ozone-
chlorination, chloramination, and ozone-chloramination bottles were reacted for 24 hours 
in a water bath at 22 ºC. Reactors were also set up so that the 72 hour reaction time could 
be studied in the chloramination and ozone-chloramination samples. For each 
disinfection scenario, duplicate reactors were prepared. The reported results for HNM 
formation are the average of two independent measurements. 
Wastewater Treatment Plant Monitoring Study 
The facilities that participated in the plant monitoring study were the seven plants 
located in South Carolina (Figure 4.1). The treatment plants in Colorado and Arizona 
were not monitored because these plants joined the project after the plant monitoring in 
South Carolina had already begun, and because their distance from Clemson University 
made sampling unfeasible for a long term monitoring study. The sampling location for 
the monitoring study was located at the weir of the secondary clarifier prior to 
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disinfectant addition. Samples taken for the monitoring study were collected by the 
operators working at the plants that cooperated in the project. The plant operators were 
trained prior to the study to make sure that sample collection was uniform across all the 
treatment facilities in the study. The water quality parameters monitored in this study are 
listed in Table 4.2. 
Samples for TOC and TKN were taken in 40 mL amber glass vials. The TOC 
samples were preserved by reducing the sample pH to less than 2 using hydrochloric 
acid. Similarly, the TKN and ammonia samples were taken in 40 mL glass vials and 
preserved by reducing the sample pH to less than 2 using sulfuric acid. The samples for 
iodide, bromide, nitrite, nitrate and UV/SUVA were filtered using a 0.2 m syringe filter 
and placed in a 20 mL plastic vial. Samples were transported in ice chests to reduce the 
sample temperature, and when the samples reach the laboratory, they were placed in the 
refrigerator until analysis. 
Table 4.2  
Water quality parameters monitored 
Parameter Description 
TOC Total Organic Carbon 
UV254 UV Absorbance at 254 nanometers 
TSUVA254 Total Specific Ultra Violet Absorbance (UV254/TOC) 







NH3 Ammonia Nitrogen 













HNM Determination at the WWTP Effluents 
 
Samples were taken from the seven South Carolina plants to measure HNM 
formation in-situ in disinfected plant effluents. Samples were taken after UV contact 
chambers in applicable plants, or after chlorine contact chamber using chemical 
disinfection. Samples taken for the effluent HNM monitoring study were extracted on-
site using MTBE, sodium sulfate, and cupric sulfate (this extraction method is described 
in detail in the HNM measurement section later in this Chapter). By extracting the 
samples at the time of collection, sample quenching was unnecessary. Samples were 
processed immediately upon return to the laboratory. 
Analytical Methods 
Many of the analytical methods described in this section have already been 
available in Dr. Karanfil’s research group from previous students (Ilke McAliley and 
Ying Hong) and some of them (i.e., TKN, NH3, iodide, and HNM) were developed for 
this study by a group of students (the author of this thesis, Jia Hu and Darryl Jones) and 
Dr. Hocheol Song working on different aspects of DBP Formation in Dr. Karanfil’s 
research group. The author of this thesis used these methods and analytical tools to 
produce the experimental results presented in this document. Table 4.3 shows a summary 
of analytical methods used in this project.   
Ozone Production and Measurement 
Ozone was produced using a GTC-1B ozone generator manufactured by Griffin 
Technics Incorporated (Lodi, NJ). Ultra high purity oxygen was fed to the generator to 
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maximize ozone production, and a 6 L glass equalization tank (Tudor Scientific Glass) 
was placed on the output side of the ozone generator to minimize the effects of 
fluctuations in ozone production.  After the equalization tank, a 1 L gas washing bottle 
(Tudor Scientific Glass) was used to produce the ozone stock solution. While the ozone 
stock solutions were being produced, the gas washing bottle was placed in an ice bath  








Table 4.3  
Analytical methods and minimum reporting levels 
Parameter Unit Measurement Method Equipment Minimum Reporting Level or Accuracya 
TOCb (mg/L) SMc 5310B TOC-VCHS, Shimadzu Corp., Japan 0.15 
Total Kjeldahl Nitrogen (mg-N/L) Nessler Method HACH Digesdahl digester 0.67 
UV Absorbanced1  SM 5910 DU 640, Beckman Inst. Inc., USA 0.005d2 
Br-, NO3
-, NO2
- (g/L) USEPA Method 300 ED 40, Dionex Corp., USA Br-=10, NO3
-=15, NO2
-=20 
NH3 (mg/L) Salicylate Method HACH Test Kit 0.02
j 
pH  SM 4500-H+ 420A, Orion Corp., USA 0.01f 
O3 (mg/L) SM 4500-O3 HACH Test Kit 0.02
j 
I- (g/L) HPLC coupled with UV detection Dionex HPLC 2 
HNMg (g/L) USEPA Method 551.1 
6890 or 6850 GC-ECD, 
Agilent, USA 
0.7 
Residual Free/Combined Chlorine  (mg/L) SM 4500-Cl F NA 0.1-0.15 
a As reported by the manufacturer.  b Reagent grade potassium hydrogen phthalate was used to prepare external standards.  Precision ranged from 0.05 to 
0.15 mg/L.  c SM: Standard Methods. d1 Measured at wavelengths of 254 using a 1- or 5-cm cell.  d2 Photometric accuracy (absorbance units).  e1 NaCl 
standards were used to correlate conductivity readings to ionic strength.  e2 Relative accuracy.  f Accuracy (pH units).  g Methyl-tert butyl ether (MtBE) 
solvent extraction and a gas chromatograph (GC) with an electron capture detector (ECD) analysis. 
j
 Manufacturer Specification; kits are available for 








The off-gas tubing of the washing bottle was crimped to maintain approximately 10 psi 
backpressure in the ozone generator. This increased backpressure increased the 
concentration of ozone both produced by the generator and the concentration of ozone in 
solution in the gas washing bottle due to increased head space pressure. Operating the 
ozone generator as described above for approximately 30 minutes produced an ozone 
stock solution of 28-32 mg/L. Ozone concentrations were measured using a modified 
indigo method. Approximately 30 mL of sample were placed in a plastic beaker and a 
glass vacuum ampoule (Hach Accu-vac System) containing the ozone reagents was 
broken under the surface of the sample. The ampoules were analyzed colorimetrically 
using a Hach DR/820 colorimeter.  
Total Kjeldahl Nitrogen 
Total Kjeldahl Nitrogen (TKN) concentrations were measured in conjunction with 
ammonia concentration in the wastewater samples to calculate the organic nitrogen 
concentrations in the samples (TKN – NH3 = TON). TKN was measured using a 
modified Nessler method. Samples were preserved using sulfuric acid to reduce pH less 
than 2 and refrigeration. Fifteen mL of sample were digested using 3 mL of sulfuric acid 
(specific gravity = 1.84) and 10 mL of 50% hydrogen peroxide at 440 ºC using a Hach 
Digesdahl Digestion System. After the 3 mL addition of sulfuric acid to the 15 mL 
sample, 4-5 silicon carbide boiling chips were added to the digestion flask to facilitate 
smooth boiling. It should be noted that for low level TKN measurements, it was 
necessary to wash the silicon carbide chips in a nitric acid solution prior to use. The 
sample containing sulfuric acid and boiling chips were placed on the digester at 440 ºC 
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until the entire water sample boiled away and the acid began to reflux (white smoke 
rising from the flask). Ten mL of hydrogen peroxide were then be added using a capillary 
funnel to add the peroxide at a controlled rate. The digested sample was left on the 
digestion plate until the sulfuric acid began to reflux again. The sample was then be 
removed from the digester and allowed to cool for 2-3 minutes. Fifteen mL of the diluted 
sample were added to a 25 mL mixing graduated cylinder and one drop of TKN indicator 
solution (Hach Corporation) was added to the sample. The pH of the sample was then 
adjusted using 8N and 1N potassium hydroxide (Hach Corporation) until a faint blue 
color appeared in the sample. The sample was then diluted to 20 mL and three drops of 
mineral stabilizer and polyvinyl alcohol (both reagents produced by Hach Corporation) 
were added to the sample and a dilution was made to 25 mL. A 1 mL volume of Nessler’s 
reagent (Hach) was added to the sample and given 2 minutes to react after mixing. 
Analysis of the sample was performed using a Hach DR/820 colorimeter. The digestion 
and analysis method performances were checked by digesting and analyzing a 10 g/L 
solution of ammonia p-toluenesulfonate (Hach Corporation). 
Ammonia 
 Ammonia concentrations were measured to calculate the correct oxidant dose for 
formation potential tests because ammonia exerts an oxidant demand. Along with TKN, 
ammonia concentration was used in the calculation of DON in the wastewater samples 
(TKN-NH3 = TON). Ammonia samples were preserved by reducing the sample pH to 
less than 2 and refrigeration. Ammonia concentrations were measured using a modified 
salicylate method. The pH of water sample to be analyzed was first neutralized, and a 10 
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mL aliquot was placed in the sample cell. One pillow pack of dry saliciylate reagent 
(Hach Corporation) was added to the sample. The sample was then mixed and allowed to 
react for 3 minutes.  One powder pillow of dry cyanurate reagent (Hach Corporation) was 
added to the sample and allowed to react for 15 minutes. The samples were then analyzed 
using a Hach DR/820 colorimeter. The method performance was monitored by measuring 
a 0.4 mg/l certified ammonia nitrogen standard solution (Hach Corporation). 
Bromide, Nitrite, and Nitrate 
Bromide, nitrite, and nitrate were measured using a Dionex DX-600 ion 
chromatograph equipped with a suppressor. The eluent used in the ion chromatograph 
was 9 mM Na2CO3 and samples were separated using a Dionex HC9 column that was 
coupled with an AG-HC9 guard column. A 250 L injection volume was used for 
wastewater samples being analyzed for bromide, and a 50 L injection volume was used 
for wastewater samples being analyzed for nitrate and nitrite. The wastewater injection 
volume was reduced for nitrate and nitrite to stop column overloading due to high nitrate 
and nitrite concentrations. Calibration standards for the ion chromatograph were 
produced using NaBr (>99.9%, Sigma-Aldrich), NaNO2 (>99.9%, Sigma-Aldrich), and 
NaNO3 (>99.9 %, Sigma-Aldrich). A low range calibration curve was produced for 
bromide (5-400 ppb), but low and high range calibration curves were produced for nitrite 






Total Organic Carbon 
Total Organic Carbon (TOC) was measured using a Shimadzu TOC-VCHS high 
temperature combustion analyzer equipped with an auto-sampler. TOC samples were 
preserved by reducing the sample pH to less than 2 and refrigeration. The samples were 
automatically purged by the analyzer for four minutes before analysis. TOC standards 
were prepared from 1000 mg/L stock solutions of potassium hydrogen phthalate, and 
calibration curves produced for TOC ranged from 0.5-35 mg C/L. 
Iodide 
Iodide was measured using the method developed by Schwehr and Santschi 
(2003). The method involves ion chromatographic separation of a sample and 
measurement with High Performance Liquid Chromatography (HPLC) and UV detection. 
The calibration standards were prepared by diluting certified 1 M iodide solution (Hach 
Corporation) with DDW containing 0.1 M NaCl. A 100 L sample was injected to a 
Dionex HPLC system (Ultimate 9000) equipped with Dionex AS-10 and AG-10 
columns. The mobile phase consisting of DDW, 0.2 M NaCl, 75 mM NaClO4 and 12.5 
mM phosphate buffer was gradient fed with a flow rate of 1 mL/min. The detector was 
monitored at wavelength 226 nm.  
HNMs 
Halonitromethanes were measured using USEPA Method 551.1 with minor 
modifications. A 10 mL sample was extracted using 10 mL of methy-tert-butyl-ether 
(MtBE, Sigma-Aldrich) followed by the addition of 3 grams of sodium sulfate (for salting 
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out effect) and 1 g of cupric sulfate (for phase separation). The samples were then placed 
on a shaker table at 300 rpm for 30 minutes to make sure the sodium and cupric sulfate 
completely dissolved. After shaking, the samples were placed in an ultrasonic bath for 10 
minutes to reduce the partitioning of the more hydrophobic HNM species did not 
partition to the glass vial surface. The MTBE extract was analyzed on both Agilent 6850 
and 6890 gas chromatographs (GC) equipped with DB-5 (J&W Scientific 30m x 
0.25mm) and DB-1 (J&W Scientific 30m x 0.25mm) columns respectively. HNM species 
were purchased from Helix Biotech (Toronto, Canada).  Stock solutions were prepared by 
adding 1 µg of pure compound to 1 mL of MTBE measured by a micro-balance. 
Calibration standards were then produced from further dilutions of the pure compounds. 
The GC temperature program used was 35 ºC for 6 minutes, 30 ºC /min to 190 ºC and 
hold for 1.5 min. A 2 µL injection volume was used in splitless mode. The make-up and 
carrier gases used were ultra-high purity (UHP) helium at 2.3 mL/min and UHP nitrogen 
at 60 mL/min. The injector temperature was set at 117 ºC in order to minimize the 
thermal decomposition of HNM species, and the detector temperature was set at 297 ºC.  
UV Absorbance 
UV absorbance was measured using a Cary 300 UV-Vis spectrophotometer 
(Varian). Samples were placed in a quartz cuvette and measured at wavelength 254 nm. 
The spectrophotometer was blanked by measuring the absorbance of DDW after several 
rinses. The instrument was blanked every 10 samples, and method performance was 





The pH values for samples were measured using SM 4500-H+ pH electrode with 
an Orion 420A pH meter (Orion Corp., USA). The pH meter and electrode were 
calibrated at every use using standard pH 2 and pH 10 buffer solutions (VWR). 
Free Chlorine/Chloramine 
 Chlorine and chloramines concentrations were measured using an N, N-diethyl-p-
phenylenediamine (DPD) method (Standard Method 4500). Chlorine and chloramines 
samples were diluted based on their expected residual chlorine or chloramines 
concentration. The sample was then poured into a beaker containing 5 mL of DPD 
indicator solution and 5 mL of phosphate buffer. After mixing, the sample was titrated 
using a ferrous ammonium sulfate (FAS) solution. For monochloramine measurements, 
1-2 potassium iodide granules were added to the sample to drive monochloramine to 
chlorine. The DPD solution was used for color formation, the phosphate buffer was used 
for pH control, and the FAS titrant was used for color removal. The DPD indicator 
solution and FAS solution were made according to Standard Method 4500 Cl. A standard 
1:5 dilution was made for both the FAS solution and the sample. In this case, the volume 
of titrant used was the chlorine/chloramines concentration in the sample. If extra dilution 








WASTEWATER TREATMENT PLANT MONITORING STUDY 
 A treatment plant monitoring study was performed with participation from the 
seven South Carolina WWTPs (Table 5.1) to observe concentrations of certain probable 
HNM precursors such as TOC, bromide, and TON. The treatment plants in Colorado and 
Arizona were not included in the monitoring study because they joined the study in the 
summer of 2007 after bi-weekly sampling of the South Carolina plants had already 
began, and the distance of the plants from Clemson University made bi-weekly sampling 
unfeasible. The South Carolina plants were sampled bi-weekly by trained treatment plant 
personnel, and data were collected from March to December. The complete list of water 
quality parameters that were monitored during the study along with the median values 
observed can be seen in Table 5.2. A description of how to read box and whisker plots is 
shown in Figure 5.1 
 
Figure 5.1 Description of box and whisker plots 





Treatment Processes at the WWTPs monitored in this project 
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TOC monitoring results are shown in Figure 5.2. The median TOC concentrations 
were in the range of 7.0 – 11.8 mg/L. Effluents from Pelham had a wide distribution of 
TOC. Other WWTPs effluents, despite some outliers, had narrow TOC distribution, 
suggesting relatively uniform operation performance of these plants. Lower Reedy, 
Pelham and Gilder Creek effluents gave higher concentrations than the other plants on a 
median basis as well as interquartile ranges (25 to 75 percentile). Mauldin, Georges 
Creek, and Piedmont effluents had similar median concentrations that ranged in 7.0 – 7.9 
mg/L.  
 Total specific ultra-violet light absorbance (TSUVA254) values of the monitored 
samples are shown in Figure 5.3. The majority of the TSUVA254 values fall within a 
narrow range of 1 – 2 L/mg-m except Mauldin and Piedmont effluents that had 
TSUVA254 in the range of 2 – 2.5 L/mg-m. This indicates the effluent organic matter 
(EfOM) in WWTPs effluents is enriched in low UV absorbing components as a result of 
biological treatment. The low SUVA values of the wastewater treatment plant effluents 
result from (1) some of the organic matter that is residual organic matter from drinking 
water plants (i.e., the carrier water), where the drinking water plant has removed a portion 
of the humic substances; and (2) some of the organic matter that is from soluble 
microbial products. Previous research using size exclusion chromatography has shown 
that treated wastewaters have a significant portion of large molecules, such as 
polysaccharides, proteins, and colloids, and these constituents exhibited non-aromatic 
(i.e., low SUVA) and hydrophilic characters (Krasner et al., 2008). The lowest TSUVA254 
values were observed in Lower Reedy with the median TSUVA254 of 1.4 L/mg-m. The 
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lower TSUVA254 of these plants was due to higher TOC despite the similar UV 
absorbances of the effluent compared to those of other effluents (Figure 5.4). The lower 
TSUVA254 values of the Lower Reedy effluent appear to be correlated with the lower 
TON values, suggesting a greater microbial activity resulted in greater removal UV 
adsorbing components of effluent organic matter. 
 Monitoring data for nitrogenous components (TON, nitrate, nitrite, and ammonia) 
are shown in Figures 5.5 to 5.8. On a median basis, TON of the effluents ranged from 2.5 
to 3.6 mg-N/L (Figure 5.4). This range is in agreement with the DON range being 
between 1 to 5 mg N/L at the effluents of WWTPs (Pehlivanoglu-Mantas and Sedlak, 
2006). Lower Reedy and Gilder Creek showed the lowest TON concentrations. While the 
former is a denitrifying plant, the latter exhibited good nitrification with no denitrification 
capabilities. Median nitrate levels of these plants were 5.9 mg-N/L for Lower Reedy and 
29.3 mg-N/L for Gilder Creek effluents (Figure 5.6). These values represent the second 
lowest and the second highest nitrate level among the WWTPs monitored. Pelham, 
Mauldin, Georges Creek, Grove Creek and Piedmont effluents showed similar median 
TON values, ranging 3.1 – 3.6 mg-N/L (Figure 5.5). Nitrate levels in the WWTPs 
showed great dependence on denitrification. For the plants employing denitrification 
(Lower Reedy, Pelham, and Mauldin), nitrate levels were low, with median of 5.8 – 6.8 
mg-N/L. Other non-denitrifying plants had higher nitrate concentration ranging between 
13.3 and 32.9 mg-N/L. 
 Ammonia concentrations of WWTPs effluents were, in general, less than 0.15 
mg-N/L (Figure 5.7). This is a characteristic of well-nitrifying plants. The median 
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ammonia concentrations among the monitored plants did not vary more than 0.1 mg-N/L. 
Denitrification, performed by Lower Reedy, Pelham, and Mauldin, did not seem to affect 
ammonia levels in the plant effluents. Pelham, Mauldin, Georges Creek, and Grove Creek 
typically had nitrite less than 0.2 mg-N/L (Figure 5.8). Lower Reedy, Gilder Creek, and 
Pelham effluents had higher and wider distribution of nitrite as compared to other plants, 
with the median concentration of 0.41, 0.08, and 0.11 mg-N/L, respectively. The 
variability in the nitrite levels of these plants may be attributed to the variation in 
performances of denitrification and/or nitrification processes during the past nine months. 
 The bromide and iodide monitoring results are shown in Figures 5.9 and 5.10, 
respectively. Also, the bromide to iodide ratio of each sample is plotted in Figure 5.11. 
On a median basis, the bromide levels at the WWTPs were grouped in three categories: 
1) Mauldin effluents had significantly higher bromide concentration than other WWTPs 
effluents, with its interquartile range of 174 to 273 µg/L and median of 218 µg/L. A wide 
range variability in bromide concentration was also observed at Mauldin compared to 
other plants, 2) Lower Reedy, Pelham, Gilder Creek, and Grove Creek effluents had 
similar bromide levels, with the median concentrations of 109, 94, 85, and 121 µg/L, 
respectively, and 3) Georges Creek and Piedmont had the lowest bromide concentrations 
(29 and 36 µg/L, respectively) at the effluents. The trends for iodide were different than 
those for bromide. Lower Reedy and Mauldin had the highest iodide concentrations, with 
the median of 14 and 15 µg/L respectively. These effluents had wider distribution of 
iodide concentration than other effluents. Iodide in the Pelham effluent was about one 
half that of Mauldin and Lower Reedy effluents (median = 8 µg/L). Iodide concentrations 
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in the Gilder Creek, Georges Creek, Grove Creek, and Piedmont effluents were less than 
20 µg/L, with the majority being less than 10 µg/L. Bromide to iodide ratios of the 
effluents were generally below 20 g/g. The median ratio was between 10-20 g/g for 
the Pelham, Gilder Creek, Mauldin, and Piedmont effluents, while it was less than 10 
g/g for Lower Reedy and Georges Creek. The Br/I ratio of Grove Creek is 
significantly greater than other waters, and there are two outliers (101 and 216 g/g). 
Assuming those outliers artifacts and eliminating them from the plot, the median 
concentration drops to 21 g/g.  It should be noted that all the WWTPs studied in this 
project are located in Greenville. The local drinking water of these WWTPs is from 
Greenville water system, for which the bromide level has been around the minimum 
reporting level (MRL) of the measurements (i.e., 10 g/L). Therefore, the variability in 
bromide (and iodide) measured at the effluents of the WWTPs is related to the 
wastewater sources flowing to these plants. This variability indicates that it will be 
difficult to assign “typical” bromide and iodide levels to a municipal wastewater effluent. 
However, the information collected in this project provides some insight about the range 









Median value for the selected water quality parameters at the effluents of the WWTPs 










 Br/I Treatment Category 
 (mg/L) (L/mg-m) (mg/L as N) (g/L) (g/L) (-)  
Lower Reedy 11.8 1.4 2.8 2.5 5.9 0.41 0.12 6.4 109 14 8 Good Denitrification 
Pelham 10.1 1.6 3.3 3.2 6.8 0.10 0.12 7.0 94 8 12 Partial Denitrification 
Gilder Creek 10.6 1.6 2.9 2.8 29.3 0.08 0.10 29.5 85 6 14 Good Nitrification 
Mauldin 7.5 2.1 3.6 3.6 5.8 0.03 0.07 5.9 218 15 14 Partial Denitrification 
Georges Creek 7.0 1.8 3.6 3.4 13.3 0.13 0.11 13.5 29 4 7 Good Nitrification 
Grove Creek 7.9 1.8 3.3 3.1 19.4 0.07 0.10 19.6 122 4 30 Good Nitrification 

































Figure 5.2 Box-and-whisker plot of TOC for monitored WWTPs effluents 
 






































































































































































































































































CHAPTER SIX  
HNM FORMATION POTENTIALS IN WASTEWATER EFFLUENTS 
The objective in this phase of the study was to investigate the HNM formation 
potentials in wastewater treatment plant effluents under the selected disinfection 
conditions (i.e., chlorination, chloramination, ozonation, ozonation/chlorination, and 
ozonation/chloramination). Formation potential tests were performed, as described in 
Chapter 4, to gather information on the HNM precursors available in WWTP effluents 
and to examine the extent of HNM formation with different disinfectants. Five of the 
seven South Carolina treatment plants were sampled for formation potential experiments 
along with the Colorado and Arizona plants. Overall, 13 formation potential tests, about 
two per plant, were performed. The Lower Reedy facility was sampled only in the fall 
due no flow conditions caused by construction in the spring of 2007. 
 The selected water quality characteristics of samples used in the experiment are 
provided in Table 6.1. The DOC concentration of the waters ranged from ~2 to ~12 
mg/L, while SUVA254 values ranged from 0.9 to 2.7 L/mg-m. DON concentrations 
ranged from ~1 to ~5 mg/L. DON concentrations of non-nitrifying plants were not 
reported since negative numbers were obtained when subtracting a high ammonia 
concentration from a high TKN concentration to determine a small DON value. Similar 
observations have been reported while measuring DON in non-nitrifying plants by 
Krasner and colleagues (2008). Negative DON values were also calculated by subtracting 




, and NH3) from dissolved 
nitrogen (DN) numbers measured through the TOC/TN analyzer. Krasner et al. (2008) 
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used a sample dialysis approach to improve DON determination from DN subtraction 
method. However, some losses of organic nitrogen components were observed during 
dialysis. Sample dialysis approach was not attempted in this research. There is a research 
need to further improve DON determinations in wastewater samples under different 
operational conditions of wastewater treatment plants. Bromide concentrations ranged 
from 30 to 151 µg/L. As observed during the monitoring study, the Mauldin plant 
typically showed bromide concentrations significantly higher than the other treatment 
plants. The spring formation potential sample for Mauldin contained bromide that was 
comparable to the other participating plants, but a high bromide sample was captured in 
the fall. 
Table 6.1 
Selected characteristics of the water samples used in the HNM 
 formation potential tests* 
Collection Date Sample 
DOC SUVA254 DON DOC/DON Br 
(mg/L) (L/mg-m) (mg/L) (mg/mg) (µg/L) 
9/20/2007 Denver South 4.9 1.7 NR NR 97 
10/18/2007 Denver South 5.0 1.5 NR NR 88 
4/9/2007 Gilder Creek 8.8 0.9 1.2 7.5 33 
9/10/2007 Gilder Creek 6.2 2.6 3.4 1.8 61 
9/19/2007 Lower Reedy 5.5 1.8 2.5 2.2 76 
4/9/2007 Mauldin 10.0 0.7 1.1 9.0 56 
9/16/2007 Mauldin 4.6 2.4 5.0 0.9 151 
9/20/2007 Nogales International 4.0 2.0 NR NR 39 
10/18/2007 Nogales International 3.8 2.1 NR NR 44 
4/9/2007 Pelham 10.3 0.9 0.9 11.4 50 
9/16/2007 Pelham 5.8 1.6 3.6 1.6 51 
4/9/2007 Piedmont 12.4 0.9 1.2 10.6 26 
9/16/2007 Piedmont 5.0 2.7 2.8 1.8 25 
* The values reported in the table are for the waters used in the experiments, accounting for the 
dilution effects due to spiking of the samples with ozone, chlorine or chloramine solutions during 
formation potential tests.  





The effects of various disinfection strategies on HNM formation 
 The results of the HNM formation potential tests are summarized in Tables 6.2 to 
6.4. The results of the individual experiments were reported in graphical and tabular 
formats in Appendix C. Example results for both a nitrifying and non-nitrifying plant 
formation potential experiments are shown in Figures 6.1 and 6.2. Trichloronitromethane 
and bromodichloronitromethane were the most prevalent HNM species formed, since the 
high doses of chlorine or chloramine used in the formation potential tests (i.e., high 
Cl2/Br ratio) suppressed bromine incorporation. These two species were observed in all 
the WWTP formation potential experiments performed. However, for the Mauldin plant 
fall sample with high bromide concentration, the HNM species formed included 
trichloronitromethane, bromodichloronitromethane, dibromochloronitromethane, and 
trichloronitromethane. This increase in formation of brominated HNM species is 
consistent with previous experiments with humic and fulvic acids at high background 
bromide concentrations (Choi and Richardson, 2004).   
 Among the five disinfectants tested, the order of HNM formation in molar 
concentrations (nM HNM) and molar yields (nM/mg HNM/DOC and nM/mg 
HNM/DON) was in the order of ozonation-chlorination >>> ozonation-chloramination > 
chlorination > chloramination (Tables 6.2 and 6.3, and Figure 6.3). This is in agreement 
with the previous observations in drinking waters that pre-ozonation significantly 
enhances trichloronitromethane (TCNM) formation (Merlet et al., 1985, Hoigne and 
Bader., 1988, Weinberg et al., 2002, Choi and Richardson, 2004). HNM formation was 
greatly reduced by applying monochloramine rather than chlorine, especially after pre-
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ozonation. The reduction in HNM formation by using monochloramine instead of 
chlorine may prove to be an advantage to some wastewater treatment facilities. 
Depending on the operational conditions of a WWTP (e.g., non-nitrifying conditions), 
there may be appreciable concentrations of ammonia in the water after secondary 
treatment. If breakpoint chlorination is not practiced, chloramines become the 
disinfectant in the presence of high ammonia concentrations. The results obtained in this 
and other studies showed that chloramine produces significantly less amount of HNMs 
and currently regulated DBPs such as THMs and HAAs as compared to chlorination 
(Hong et al., 2007; Hong et al., 2008). There may be some concern about HNM 
formation, especially brominated HNMs in presence of bromide, when ozone is used as a 
single oxidant at a treatment facility. It was shown that no halogenated DBPs formed 
when ozone was applied to a drinking source water unless chlorine or chloramines were 
applied as post-disinfectants (Richardson et al. 1999). In this study, no brominated HNMs 
were observed after applying ozonation alone, but it is possible that other brominated 
DBPs may have formed. 
The formation potential results of the wastewater effluents were also examined in 
terms of influent characteristics and treatment conditions. Table 6.5 shows the percentage 
of industrial flow contribution in the overall influent of flow of the municipal WWTP 
investigated in this study. These plants are also either nitrifying or non-nitrifying plants. 
Despite a small number of plants studied in this project, the plants examined in this study 
were categorized in terms of (1) biological treatment processes and (2) biological 
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treatment processes and influent flow characteristics. In terms of first categorization, the 
plants were grouped as: 
1) Non-nitrifying WWTPs: Denver South and Nogales 
2) Nitrifying WWTPs: Gilder Creek, Lower Reedy, Piedmont and Pelham. 
In terms of second categorization, the plants were grouped as:  
a) Municipal (i.e., industrial flow contribution < 10% of total flow) and non-
nitrifying: Denver South  
b) Municipal and nitrifying: Gilder Creek, Mauldin, Pelham, and Piedmont 
c) Municipal under industrial influence (i.e., industrial flow contribution > 
10% of total flow) and non-nitrifying: Lower Reedy 
d) Municipal under industrial influence and nitrifying: Gilder Creek, 
Mauldin, Piedmont and Pelham. 
HNM yields (on a DOC basis) indicated that there were higher amounts of HNM 
precursors in the non-nitrifying plants than nitrifying plants (Table 6.3). It appears that 
nitrification removed an appreciable portion of HNM precursors especially those that are 
reactive with ozonation-chlorination and ozonation-chloramination. 
If the influent flow characteristics are also included in the comparison, municipal 
nitrifying WWTPs with negligible industrial influence exhibited lower HNM yields as 
compared to nitrifying municipal WWTPs under industrial influence and non-nitrifying 
municipal wastewater treatment plants (Table 6.6). 
Although the number of plants that participated in this study is relatively small, 
and it is possible that HNM precursors may undergo further degradation and 
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transformation in discharge environments (e.g., rivers and lakes), which has not been 
investigated here, the comparison above suggest that both wastewater composition and 
the type of wastewater treatment processes/operational conditions will influence the 










HNM formation potential test results of wastewater effluents: HNM concentrations 
Collection Date Sample 
SUVA254 DOC DON DOC/DON Br HNM (nM) 
(L/mg-m) (mg/L) (mg/L) (mg/mg) (µg/L) O3 Cl2 O3-Cl2 NH2Cl O3-NH2Cl 
9/20/2007 Denver South 1.7 4.9 NR NR 97 <MRL 28.2 433.7 <MRL 63.3 
10/18/2007 Denver South 1.5 5.0 NR NR 88 <MRL 31.2 356.5 <MRL 51.4 
4/9/2007 Gilder Creek 0.9 8.8 1.18 7.5 33 <MRL 18.3 488.7 9.6 127.6 
9/10/2007 Gilder Creek 2.6 6.2 3.36 1.8 61 <MRL 19.2 471.4 9.1 112.1 
9/10/2007 L. Reedy 1.8 5.5 2.53 2.2 76 <MRL 30.8 664.3 5.7 91.0 
4/9/2007 Mauldin 0.7 10.0 1.10 9.0 56 <MRL 12.9 290.5 4.1 83.2 
9/19/2007 Mauldin 2.4 4.6 4.91 0.9 151 <MRL 17.0 390.8 11.8 47.2 
9/20/2007 Nogales 2.0 4.0 NR NR 39 <MRL 15.8 274.5 <MRL 4.6 
10/18/2007 Nogales 2.1 3.8 NR NR 44 <MRL 24.2 374.0 0.8 11.1 
4/9/2007 Pelham 0.9 10.3 0.90 11.4 50 <MRL 11.0 363.9 8.3 99.0 
9/16/2007 Pelham 1.6 5.8 3.60 1.6 51 <MRL 18.7 370.7 7.5 91.4 
4/9/2007 Piedmont 0.9 12.4 1.17 10.6 26 <MRL 18.0 364.2 10.3 97.9 
9/16/2007 Piedmont 2.7 5.0 2.82 1.8 25 <MRL 15.9 252.9 <MRL 35.3 
Non-nitrified Wastewaters n=4 samples Average ± standard deviation <MRL 24.9±6.6 359.7±65.7 0.2±0.4 32.6±29.1 
Nitrified Wastewaters n=9 samples Average ± standard deviation <MRL 18.0±5.6 406.4±122.2 8.3±2.5 87.2±29.2 
Overall n=13 samples Average ± standard deviation <MRL 20.1±6.5 392±108 5.6±4.5 70.4±48.3 
The values reported in the table are for the waters used in the experiments, accounting for the dilution effects due to spiking of the samples with ozone, 



















HNM formation potential test results of wastewater effluents: HNM yields per DOC 
Collection Date Sample 
SUVA254 DOC DON DOC/DON Br HNM yield (nM/DOC) 
(L/mg-m) (mg/L) (mg/L) (mg/mg) (µg/L) O3 Cl2 O3-Cl2 NH2Cl O3-NH2Cl 
9/20/2007 Denver South 1.7 4.9 NR NR 97 <MRL 5.7 88.5 <MRL 12.9 
10/18/2007 Denver South 1.5 5.0 NR NR 97 <MRL 6.3 71.3 <MRL 10.3 
4/9/2007 Gilder Creek 0.9 8.8 1.18 7.5 33 <MRL 2.1 55.4 1.1 14.5 
9/10/2007 Gilder Creek 2.6 6.2 3.36 1.8 61 <MRL 3.1 76.5 1.5 18.2 
9/19/2007 L. Reedy 1.8 5.5 2.53 2.2 76 <MRL 5.6 119.9 1.0 16.4 
4/9/2007 Mauldin 0.7 10.0 1.10 9.0 56 <MRL 1.3 29.1 0.4 8.3 
9/16/2007 Mauldin 2.4 4.6 4.91 0.9 151 <MRL 3.7 84.9 2.6 10.3 
9/20/2007 Nogales 2.0 4.0 NR NR 39 <MRL 4.0 68.4 <MRL 2.3 
10/18/2007 Nogales 2.1 3.8 NR NR 44 <MRL 6.4 98.2 0.2 2.9 
4/9/2007 Pelham 0.9 10.3 0.90 11.4 50 <MRL 1.1 35.3 0.8 9.6 
9/16/2007 Pelham 1.6 5.8 3.60 1.6 51 <MRL 3.2 63.9 1.3 15.8 
4/9/2007 Piedmont 0.9 12.4 1.17 10.6 26 <MRL 1.5 29.3 0.8 7.9 
9/16/2007 Piedmont 2.7 5.0 2.82 1.8 25 <MRL 3.2 50.6 <MRL 7.1 
Non-nitrified Wastewaters n=4 samples Average ± standard deviation <MRL 5.6±1.1 86.7± 11.3 0.1± 0.1 6.8±5.7 
 Nitrified Wastewaters n=9 samples Average ± standard deviation <MRL 2.7±1.4 60.6±29.8 1.1±0.7 12.0±4.2 
Overall n=13 samples Average ± standard deviation <MRL 3.6± 1.8 68.6±27.9 0.7±0.7 10.4±5.1 
The values reported in the table are for the waters used in the experiments, accounting for the dilution effects due to spiking of the samples with ozone, 






















HNM formation potential test results of wastewater effluents: HNM yields per DON 
Collection Date 
Sample SUVA254 DOC DON DOC/DON Br HNM yield (nM/DON) 
 (L/mg-m) (mg/L) (mg/L) (mg/mg) (µg/L) O3 Cl2 O3-Cl2 NH2Cl O3-NH2Cl 
4/9/2007 Gilder Creek 0.9 8.8 1.18 7.5 33 <MRL 13.1 351.0 6.9 91.6 
9/10/2007 Gilder Creek 2.6 6.2 3.36 1.8 61 <MRL 1.7 41.8 0.8 9.9 
9/19/2007 L. Reedy 1.8 5.5 2.53 2.2 76 <MRL 4.8 103.8 0.9 14.2 
4/9/2007 Mauldin 0.7 10.0 1.10 9.0 56 <MRL 10.6 240.1 3.4 68.8 
9/16/2007 Mauldin 2.4 4.6 4.91 0.9 151 <MRL 0.7 16.2 0.5 2.0 
4/9/2007 Pelham 0.9 10.3 0.90 11.4 50 <MRL 13.6 449.3 10.3 122.3 
9/16/2007 Pelham 1.6 5.8 3.60 1.6 51 <MRL 1.4 28.6 0.6 7.0 
4/9/2007 Piedmont 0.9 12.4 1.17 10.6 26 <MRL 13.2 266.0 7.5 71.5 
9/16/2007 Piedmont 2.7 5.0 2.82 1.8 25 <MRL 2.0 31.8 0.0 4.4 
Nitrified Wastewaters n=9 samples Average ± standard deviation <MRL 6.8±5.7 169.8±161.4 3.4±3.8 43.5±45.4 
The values reported in the table are for the waters used in the experiments, accounting for the dilution effects due to spiking of the samples with    

































Plant Avg. Daily Flow (mgd) Avg. % Industrial Flow 
Mauldin 16.4 7.5 
Georges Creek 1.1 0.3 
Gilder Creek 3.7 4.7 
Pelham 5.9 8.3 
Grove 1.0 24.9 
Lower Reedy 5.0 19.1 
Nogales 13.4 46.0 








HNM formation potential test results of wastewater effluents classified as municipal  
or industrial: HNM yields per DOC 
Plant Description Sample 
HNM yield (nM/DOC) 
O3 Cl2 O3-Cl2 NH2Cl O3-NH2Cl 
Municipal Non- Nitrified Denver South <MRL 5.7 88.5 <MRL 12.9 
Municipal Non- Nitrified Denver South <MRL 6.3 71.3 <MRL 10.3 
Municipal Nitrified Gilder Creek <MRL 2.1 55.4 1.1 14.5 
Municipal Nitrified Gilder Creek <MRL 3.1 76.5 1.5 18.2 
Municipal Nitrified Mauldin <MRL 1.3 29.1 0.4 8.3 
Municipal Nitrified Mauldin <MRL 3.7 84.9 2.6 10.3 
Municipal Nitrified Pelham <MRL 1.1 35.3 0.8 9.6 
Municipal Nitrified Pelham <MRL 3.2 63.9 1.3 15.8 
Municipal Nitrified Piedmont <MRL 1.5 29.3 0.8 7.9 
Municipal Nitrified Piedmont <MRL 3.2 50.6 0.0 7.1 
Industry-Influenced Non-Nitrified Nogales <MRL 4.0 68.4 <MRL 2.3 
Industry-Influenced Non-Nitrified Nogales <MRL 6.4 98.2 0.2 2.9 
Industry-Influenced  Nitrified L. Reedy <MRL 5.6 119.9 1.0 16.4 
Municipal Non-Nitrified* (2) <MRL 6.0 79.9 <MRL 11.6 
 Municipal Nitrified (8) <MRL 2.4±1.0 53.1±21.2 1.1± 0.8 11.5±4.1 
Industry- Influenced Non-Nitrified* (2) <MRL 5.2 83.3 0.2 2.6 
Industry-Influenced Nitrified* (1) <MRL 5.6 119.9 1.0 16.4 
Overall (13) <MRL 3.6±1.8 67.0±27.3 1.0±0.74 10.5±4.9 
The values reported in the table are for the waters used in the experiments, accounting for the 
dilution effects due spiking of the samples with ozone, chlorine or chloramine solutions 
during formation potential tests. NR: Not Reported. MRL: Minimum reporting level. *: Since 














































































































Figure 6.3 HNM yields per DOC and DON for different disinfection scenarios. 
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HNM precursors in wastewater treatment effluents 
 In order to gain some insight about the precursors involved in HNM formation 
and to be able to predict the HNM formation potentials in wastewater effluents, the 
correlations between the results of formation potential experiments and various water 
quality parameters (i.e., DOC, SUVA, DON, and DOC/DON) were examined. For each 
parameter, different trend lines options available in Microsoft Excel (i.e., linear, 
logarithmic, exponential, power and polynomial functions) were examined. The best fits 
to the data were determined with both R
2
 values and the visual inspection of the fits to the 
data. Two types of analyses were performed: (1) correlations including all WWTPs, and 
(2) correlations for only municipal nitrifying WWTPs with negligible industrial 
discharges (i.e., <10 % total plant flow). 
  The ozonation-chlorination, ozone-chloramination, and chlorination disinfection 
strategies were examined due to high HNM yields that these three disinfection conditions 
produced (Figures 6.4 to 6.12). In general, the correlations were not strong. The lack of 
strong correlations can be due to the combination of two main factors. (1) The municipal 
wastewater is a complex mixture and the composition of treated wastewater effluent after 
secondary treatment depends on both operational conditions and the characteristics of the 
influent wastewater. Therefore, compiling the results from various plants on a single plot 
may not produce strong correlations, especially for surrogate parameters such as DOC 
and DON. (2) Several precursors with different reactivities may be involved in HNM 
formations, thus the selected surrogate parameters may not be sensitive enough to 
distinguish the differences in the reactivities of different samples. 
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Despite some weak correlations (R
2
 values < 0.9), the following general trends 
were observed: 
a) Better correlations were observed for municipal WWTPs with negligible 
industrial influence than for all WWTPs  
b) The best correlations were the increasing HNM yields with decreasing 
DOC/DON ratio and increasing DON concentrations for 
ozonation/chlorination and chlorination of municipal nitrifying WWTP 
effluents (Figures 6.10 and 6.11). These trends observed with respect to 
DOC/DON and DON support the idea that organic nitrogen is a key 
component in HNM formation. 
c) HNM yields appeared to increase with increasing SUVA254 of municipal 
nitrifying WWTP effluents, however the range of SUVA254 examined was 
narrow, only between 1 and 2.5 L/mg-m. Since the SUVA254 of wastewater 
effluents are generally between 1 and 2 L/mg-m, it is not expected that 
SUVA254 will be a sensitive parameters to assess the DBP precursors in 
wastewater effluents. 
d) There was no clear correlation between HNM formation potential and DOC of 
the samples. 
e) Ozonation-chloramination did not show any clear trend with any parameter. 
Despite some limitations, in the absence of more in-depth information about 
HNM precursors in wastewater effluents, it appears that the parameters that are simple to 
measure at a treatment plant, such as DOC and DON, may be useful to assess the 
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likelihood of HNM formation in wastewater effluents. More plants need to be further 
examined to assess the effectiveness of the observed correlations. However, while 
examining correlations, it is important to carefully consider the operational conditions 
and influent wastewater composition of the WWTPs. The results also support the idea 














Figure 6.5 HNM concentration with respect to DON concentration for all 
nitrifying plants. Due to negative DON values, non-nitrifying 













Figure 6.7 HNM yield with respect to DON concentration for all nitrifying 









Figure 6.8 HNM yield with respect to DOC/DON ratio for all nitrifying 

























Figure 6.11 HNM formation with respect to DON concentration for all 






Figure 6.12 HNM formation with respect to DOC/DON concentration for all 
municipal nitrifying WWTPs. 
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Comparison between HNM formation in DWTPs and WWTPs 
In this section a comparison will be made between the HNM formation in WWTP 
effluents and treated DWTP waters.  Since treated drinking waters eventually reach 
municipal wastewater treatment plants after household and industrial uses, it will be 
useful to compare the HNM formation potentials of the treated drinking waters to the 
formation potentials of  wastewater effluents to see if HNM precursors are formed during 
wastewater treatment processes. During the course of the study, another graduate student 
in Dr. Karanfil’s research group, Jia Hu, has been examining the HNM formation 
potentials in drinking water sources. Therefore, some of the data collected by Hu (Hu, 
2008) will be compared with the data collected for this thesis. Two types of comparison 
will be made: (1) Since three of the wastewater treatment plants (i.e., Gilder Creek, L. 
Reedy, and Mauldin) studied in northwestern South Carolina are fed by the Greenville 
DWTP and HNM formation potential data is available for the treated Greenville water, a 
direct comparison can be made between the HNM formation potentials of treated 
drinking water and after wastewater treatment. (2) Since several DWTPs and NOM 
fractions have been studied by Hu (Hu, 2008), a general comparison (i.e., NOM fractions, 
DWTPs, and WWTP effluents) will also be made despite the differences in the source 
waters. 
Table 6.7 shows the HNM formation potential yields in the treated Greenville 
water and the wastewater effluents for the WWTPs located in the service area of 
Greenville DWTP.  It should be noted that differing sampling dates is not a major factor 
for the comparison here because Greenville DWTP owns the watershed of its reservoir 
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and the water quality in the reservoir is very high and relatively uniform throughout the 
year. Therefore, the average results for the treated Greenville water represent a typical 
HNM formation potential for this source. Overall, the results showed that the HNM 
yields were higher in the wastewater effluents than in the treated drinking water, except 
for the case of chlorination. This indicated that there are HNM precursors in the treated 
wastewater effluents that are significantly more reactive than the hydrophilic natural 
organic matter components remaining in drinking water after treatment. In fact, the DOC 
and DON concentrations in the treated Greenville DWTP effluent have been very low. 
Therefore, significantly higher HNM yields in the wastewater effluents suggest that 
significant amount of HNM precursors were either produced during biological treatment 
or existed in the influent wastewater. It was noticeable that one test performed with 
Lower Reedy effluent showed significantly higher HNM yields especially for ozonation-
chlorination as compared to other plant effluents. Considering higher industrial 
contribution to this plant flow, the higher yields may be related to industrial inputs.  
It also appears that that the HNM precursors reacting with chlorine decreased 
during biological wastewater treatment processes. The highest HNM yields were 
observed for ozonation-chlorination both in the treated drinking water samples and 
wastewater samples, and ozonation-chloramination produced higher yields than 
chlorination in the wastewater samples. The removal of chlorine reactive precursors in 
treatment may prove to be signifigant since chlorine without pre-ozonation is such a 
widely used disinfection strategy in WWTPs. These results further confirmed the 
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significant role of pre-ozonation in HNM formation during subsequent chlorination and 
to a significantly less extent during chloramination.  
Table 6.8 shows the average HNM formation potential yields for several DWTP 
samples and WWTP effluents for general comparison purposes. Hydrophobic (HPO) and 
transphilic (TPH) NOM fractions of raw and treated drinking waters are also included in 
the table. Wastewaters had significantly higher HNM yields than both raw and treated 
drinking waters and NOM fractions for the ozone-chlorination and ozonation 
chloramination cases. Chlorination and chloramination alone did not show any apparent 
trend but they also exhibited low degree of HNM formation potentials. Ozonation alone 
did not form any HNMs. These results suggest that HNM precursors in wastewater 
effluents are more reactive toward HNM formations after pre-ozonation. This also 
suggests that the precursors in wastewaters are different than the precursors in natural 
waters; they are likely by-products of biological treatment processes and they may also 
come from some industrial discharges to WWTPs. It is also evident that chlorination and 
chloramination alone and ozonation followed by chloramination formed small amount of 










HNM formation potential tests results of Greenville WWTPs serviced by Greenville DWTP: HNM yields per DOC 
Collection Date Sample 
SUVA254 DOC DON DOC/DON Br HNM yield (nM/DOC) 
(L/mg-m) (mg/L) (mg/L) (mg/mg) (µg/L) O3 Cl2 O3-Cl2 NH2Cl O3-NH2Cl 
4/9/2007 Gilder Creek 0.9 8.8 1.18 7.5 33 <MRL 2.1 55.4 1.1 14.5 
9/10/2007 Gilder Creek 2.6 6.2 3.36 1.8 61 <MRL 3.1 76.5 1.5 18.2 
9/19/2007 L. Reedy 1.8 5.5 2.53 2.2 76 <MRL 5.6 119.9 1.0 16.4 
4/9/2007 Mauldin 0.7 10.0 1.10 9.0 56 <MRL 1.3 29.1 0.4 8.3 
9/16/2007 Mauldin 2.4 4.6 4.91 0.9 151 <MRL 3.7 84.9 2.6 10.3 
 
03/16/07 GV T 1.4 0.7 ~0.00 N/A <MRL <MRL 9.3 34.9 <MRL 5.4 
05/07/07 GV T 1.8 0.6 0.13 5 <MRL <MRL 9.5 39.5 <MRL <MRL 
07/09/07 GV T 1.3 0.9 0.08 11 12 <MRL 6.0 24.6 <MRL <MRL 
Greenville Wastewaters n=5 samples Average ± standard deviation <MRL 3.2±1.6 73.2±33.9 1.3±0.8 13.5±4.1 
Greenville Drinking Water n=3 samples Average ± standard deviation <MRL 8.3±2.0 33.0±7.6 <MRL 1.8±3.1 
The values reported in the table are for the waters used in the experiments, accounting for the dilution effects due to spiking of the samples with 
ozone, chlorine or chloramine solutions during formation potential tests. NR: Not Reported. MRL: Minimum reporting level. 


































DW: Drinking Waters, WW: Wastewaters, HPO: Hydrophobic NOM fractions, 
TPH: Transphilic NOM fractions, The values reported in the table are for the 
waters used in the experiments, accounting for the dilution effects due spiking of 
the samples with ozone, chlorine or chloramine solutions during formation 
potential tests. NR: Not Reported. MRL: Minimum reporting level. n = number 
of independent samples tested.
Sample n 
HNM (nM/DOC) 
O3 Cl2 O3-Cl2 NH2Cl O3-NH2Cl 
HPO Fractions 4 <MRL <MRL 3.0±1.0 10.8±4.8 1.5±0.4 
TPH Fractions 4 <MRL <MRL 2.6±0.6 13.7±5.9 1.0±0.1 
Overall Fractions 8 <MRL <MRL 2.8±0.8 12.3±5.2 1.3±0.3 
       
DW Raw 11 <MRL 3.9±1.4 17.7±7.1 0.5±0.7 3.4±1.5 
DW Treated 12 <MRL 5.7±1.9 24.4±8.6 0.6±1.3 3.6±2.9 
Overall DWs 23 <MRL 4.8±1.9 21.2±8.5 0.6±1.0 3.5±2.3 
       
WW Non-nitrified* 4 <MRL 5.6±1.1 86.7± 11.3 0.1± 0.1 6.8±5.7 
WW Nitrified 9 <MRL 2.7±1.4 60.6±29.8 1.1±0.7 12.0±4.2 








THE EFFECT OF UV DISINFECTION ON HNM FORMATION POTENTIALS IN 
WASTEWATER EFFLUENTS 
 
 UV disinfection has been applied at wastewater treatment plants because it is an 
effective way to treat water without causing a disinfectant residual, while minimizing the 
chemical consumption and eliminating the storage of large amount of oxidants for 
disinfection. Also, UV processes are becoming more prevalent as the trihalomethanes are 
regulated in WWTP effluents (Allen, 2007). Therefore, one objective of this research was 
to examine if typical UV disinfection conditions at WWTPs will impact HNM formation 
potentials. 
Three of the South Carolina treatment facilities that participated in this study use 
UV disinfection after secondary clarification. The UV disinfection systems at Gilder 
Creek, Lower Reedy, and Pelham WWTPs were low pressure UV lamps with a typical 
dose of 44 mJ/cm
2
. Typical drinking water treatment UV doses range from 40-140 
mJ/cm
2
 and typical wastewater UV doses range from 30 -170 mJ/cm
2 
(Liu et al. 2006, 
Sakamoto et al. 2001). HNM formation potential tests were performed using water 
samples collected before and after the UV disinfection process at Lower Reedy, Gilder 
Creek, and Pelham WWTPs. Samples were taken at the weir of the secondary clarifier 
and after the UV process on the same day. Formation potential tests were performed 
using the experimental methods described in Chapter 4, using the same disinfection 
scenarios as used in previous formation potential experiments.  
Tables 7.1 and 7.2 provide summaries of the HNM formation potential test 
performed on a DOC and DON yield basis. Figures 7.1 through 7.3 show side by side 
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comparisons of HNM formation potential samples taken before and after UV treatment 
from three participating treatment plants. Data were plotted to examine if any change 
occurred in HNM formation and speciation as a result of UV treatment at the wastewater 
treatment plants. For all three plants there were no significant impacts UV treatment at 
WWTPs on HNM formation and speciation. Ozonation/chlorination and 
ozone/chloramination displayed the highest formation both before and after the UV 
processes. Pelham displayed somewhat higher HNM formation potential after UV for the 
ozone-chlorination case as compared to Gilder Creek or Lower Reedy. 
Trichloronitromethane and bromochloronitromethane were the two major HNM species 
formed before and after UV treatment. These results showed that typical UV disinfection 
















SUVA254 DOC DON DOC/DON Br HNM/DOC (nM/mg) 
(L/mg-
m) 










2.2 7.0 3.0 2.4 73 <MRL 2.1 76.5 1.0 16.7 




1.7 5.4 1.5 3.7 78 <MRL 3.9 119.0 0.5 11.2 
9/16/2007 Pelham 1.6 5.8 3.6 1.6 51 <MRL 3.2 63.9 1.3 15.8 
9/16/2007 Pelham(UV) 1.9 4.9 3.5 1.4 47 <MRL 3.6 73.7 2.9 14.3 
Overall n=6 samples Average ± standard deviation <MRL 3.6±1.1 88.3±24.6 1.4±0.8 15.4±2.4 
The values reported in the table are for the waters used in the experiments, accounting for the dilution effects due to spiking of the samples with 



























SUVA254 DOC DON DOC/DON Br HNM/DON (nM/mg) 
(L/mg-
m) 










2.2 7.0 3.0 2.4 73 <MRL 1.7 60.0 0.8 13.1 




1.7 5.4 1.5 3.7 78 <MRL 9.9 298.4 1.3 28.0 
9/16/2007 Pelham 1.6 5.8 3.6 1.6 51 <MRL 1.4 28.6 0.6 7.0 
9/16/2007 Pelham(UV) 1.9 4.9 3.5 1.4 47 <MRL 1.5 29.4 1.1 5.7 
Overall n=6 samples Average ± standard deviation <MRL 3.5±3.4 93.6±104.1 0.9±0.25 13.0±8.1 
The values reported in the table are for the waters used in the experiments, accounting for the dilution effects due to spiking of the samples with ozone, 








































































































































































































































































HNM CONCENTRATIONS IN THE WWTP EFFULENTS 
 
 The HNM concentrations measured during formation potential tests for 
chlorination and chloramination were generally low, with values ranging from 11 to 31 
nM for chlorination and 1-12 nM for chloramination. Considering the fact that (1) typical 
chlorine doses for these plants ranged from ~5 to ~10 mg/L, while the chlorine 
concentrations used in the formation studies ranged from 27 to 123 mg/L, and (2) typical 
contact times in disinfection chambers is usually less than 1 hr depending on flow rate, 
whereas the formation potential studies were reacted for 24 hrs, it was postulated that the 
HNM concentrations at the current wastewater treatment plants should be generally very 
low or negligible. Therefore, the objective in this phase of the study was to measure the 
HNM levels at the effluents of actual wastewater treatment facilities. On-site extractions 
were performed to negate the need of a quenching agent in the samples. Samples were 
taken after the UV contact chamber in plants employing UV processes, and samples were 
taken after chlorination using chlorine disinfection. Samples were taken from the seven 
South Carolina treatment plants that participated in the monthly monitoring study. Five 
samples were taken from July to November 2007, and HNMs were analyzed as discussed 
in Chapter 4. The results from effluent samples are shown in Tables 8.1 and 8.2. For data 
presentation purposes, when no peak was observed in the gas chromatograms, it was 
listed as non-detect (ND), and when a peak area was seen below the method detection 
limit, it was listed as less than the MRL (<MRL) to at least indicate that that particular 
specie existed in water at trace levels. 
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 Chloropicrin was the most frequently detected HNM specie along with some 
dichloronitromethane. Since Lower Reedy, Pelham, and Gilder Creek treatment plants all 
employ UV disinfection, no formation at these plants was expected. The results 
confirmed this expectation; only at three occasions traces of HNM peaks were observed 
well below the detection limits. Mauldin, Piedmont, Georges Creek, and Grove Creek 
employ chlorine disinfection. Trichloronitromethane was always detectable at the effluent 
of these wastewater treatment plants, and at the Piedmont plant, the trichloronitromethane 
concentration was always over the method MRL. Since the Piedmont plant was the only 
facility with trichloronitromethane formation over the method MRL, further samples 
were taken in April 2008 to confirm the formation in the previous samples (Table 8.1). 
The HNM extractions performed in April of 2008 contained trichloronitromethane 
concentrations ranging from 6.1 to 9.1 nM. These concentrations were consistent with 
formation observed in samples taken in 2007. It was suspected that trichloronitromethane 
may have formed in the secondary clarifier of the Piedmont plant due to possibly 
chlorinated scum spray water, thus increasing trichloronitromethane formation. It was 
confirmed that the sprays used on the Piedmont secondary clarifier were recycled from 
the clarifier itself, and no chlorine contacted the process flow until the chlorine contact 
tank. HNM extractions were performed (simultaneously with the April Piedmont effluent 
extractions) using water from the Piedmont secondary clarifier, and no HNM formation 
over the method MRL was observed. This lack of formation in the secondary clarifier 
indicated that the trichloronitromethane reported at Piedmont originated from the chlorine 
contact tank. The fact that Piedmont and the other WWTPs are not forming HNMs at 
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high concentrations is encouraging from the stand point of effluent limits on DBPs, 
however from a drinking water standpoint; the WWTPs are still releasing HNM 
precursors, as observed with the formation potential tests, to discharge waters that would 





HNM concentrations at WWTP effluents using chlorine disinfection 
 
Mauldin WWTP  
 HNMs (nM) 
Mauldin Cl Cl2 Cl3 Br BrCl BrCl2 Br2 Br2Cl Br3 
7/18/2007 ND ND <MRL ND ND ND ND ND ND 
9/10/2007 ND <MRL <MRL ND ND ND ND ND ND 
10/15/2007 ND ND <MRL ND ND ND ND ND ND 
11/10/2007 ND ND <MRL ND ND ND ND ND ND 
11/16/2007 ND ND <MRL ND ND ND ND ND ND 
Avg. ± Standard Dev. ND <MRL <MRL ND ND ND ND ND ND 
 
Piedmont WWTP  
 HNMs (nM) 
Piedmont Cl Cl2 Cl3 Br BrCl BrCl2 Br2 Br2Cl Br3 
7/18/2007 ND ND 7.9 ND ND ND ND ND ND 
9/10/2007 ND <MRL 6.1 ND ND ND ND ND ND 
11/10/2007 ND ND 5.5 ND ND ND ND ND ND 
4/9/2008 ND <MRL 9.1 <MRL <MRL ND ND ND ND 
4/11/2008 ND <MRL 8.5 ND ND ND ND ND ND 
4/16/2008 ND <MRL 6.1 ND ND ND ND ND ND 













Table 8.1 (Continued) 
HNM concentrations at WWTP effluents using chlorine disinfection 
 
George’s Creek WWTP  
 HNMs (nM) 
George’s Creek Cl Cl2 Cl3 Br BrCl BrCl2 Br2 Br2Cl Br3 
9/10/2007 ND <MRL <MRL ND ND ND ND ND ND 
10/15/2007 ND ND <MRL ND ND ND ND ND ND 
11/16/2007 ND ND <MRL <MRL ND ND ND ND ND 
Avg. ± Standard Dev. ND ND ND ND ND ND ND ND ND 
 
Grove Creek WWTP 
 HNMs (nM) 
Grove Creek Cl Cl2 Cl3 Br BrCl BrCl2 Br2 Br2Cl Br3 
9/10/2007 ND <MRL <MRL ND ND ND ND ND ND 
10/15/2007 ND ND <MRL ND ND ND ND ND ND 
11/10/2007 ND ND <MRL ND ND ND ND ND ND 













HNM concentrations at WWTP effluents using UV disinfection 
 
Lower Reedy WWTP 
 HNMs (nM) 
Lower Reedy Cl Cl2 Cl3 Br BrCl BrCl2 Br2 Br2Cl Br3 
7/18/2007 ND ND ND ND ND ND ND ND ND 
9/10/2007 ND ND ND ND ND ND ND ND ND 
10/15/2007 ND ND ND ND ND ND ND ND ND 
11/10/2007 ND ND ND ND ND ND ND ND ND 
11/16/2007 ND ND ND ND ND ND ND ND ND 




 HNMs (nM) 
Pelham Cl Cl2 Cl3 Br BrCl BrCl2 Br2 Br2Cl Br3 
7/18/2007 ND ND ND ND ND ND ND ND ND 
9/10/2007 <MRL ND ND ND ND ND ND ND ND 
10/15/2007 ND ND <MRL ND ND ND ND ND ND 
11/10/2007 ND ND ND ND ND ND ND ND ND 
11/16/2007 ND ND ND ND ND ND ND ND ND 











Table 8.2 (Continued) 
HNM concentrations at WWTP effluents using UV disinfection 
 
Gilder Creek WWTP 
 HNMs (nM) 
Gilder Creek Cl Cl2 Cl3 Br BrCl BrCl2 Br2 Br2Cl Br3 
7/18/2007 ND ND ND ND ND ND ND ND ND 
9/10/2007 <MRL ND ND ND ND ND ND ND ND 
10/15/2007 ND ND ND ND ND ND ND ND ND 
11/10/2007 ND ND ND ND ND ND ND ND ND 
11/16/2007 ND ND ND ND ND ND ND ND ND 









CONCLUSIONS AND RECOMMENDATIONS 
The primary conclusions from this study are as follows: 
 Among the five disinfectants tested, the HNM yields were in the order of: 
ozonation-chlorination >>> ozonation-chloramination > chlorination > 
chloramination. Pre-ozonation prior to chlorination and chloramination 
significantly increased HNM formation. Ozonation alone did not produce any 
HNM. Therefore, HNM formation is going to be problematic primarily in 
treatment plants using ozonation followed by chlorination. Use of chloramines 
after ozonation will significantly decrease HNM formation. Chloramination 
produced the least amount of HNMs. Despite some of its other disadvantages 
(e.g., weak disinfectant, nitrification problems in distribution systems), it appears 
that chloramination significantly reduces the formation of HNM along with 
formation of regulated THMs and HAAs. 
 The typical UV disinfection conditions in full-scale municipal WWTPs with low 
pressure lamps did not change the formation potential of HNMs in wastewater 
effluents. 
 The HNM concentrations at the effluents of full-scale WWTPs using chlorine 
disinfection were below 2 g/L, while no HNM formation was observed at the 
effluent of WWTPs using UV disinfection. It appears that at typical disinfectant 
doses and detention times of wastewater disinfection, significant amounts of 
HNM will not form. However, WWTPs will still release HNM (and possibly 
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other DBP) precursors, as observed with the formation potential tests, to the 
receiving waters. 
 Comparison of HNM formation potential yields in the treated Greenville drinking 
water and the wastewater effluents for the WWTPs located in the service area of 
Greenville DWTP showed that the HNM yields were higher in the wastewater 
effluents than in the treated drinking water. Significantly higher HNM yields in 
the wastewater effluents were attributed to significant amount of HNM precursors 
produced during biological treatment and/or existed in the influent wastewater 
from the industrial discharges. 
Some other important observations from this study are as follows: 
 Among nine WWTPs investigated, municipal WWTPs with nitrification and 
negligible industrial discharges at their influents showed the lowest 
concentrations of HNM precursors in the effluent waters. The results suggest that 
the degree of industrial contributions and the type of wastewater treatment 
processes/operational conditions can influence the amount of HNMs and possibly 
other DBP precursors to be discharged from municipal WWTPs. 
 In terms of correlations between the HNM formation potentials and water quality 
parameters, the best correlations were the increasing HNM yields with decreasing 
DOC/DON ratio and increasing DON concentrations. This was observed for 
ozonation/chlorination and chlorination of municipal nitrifying WWTP effluents. 
These trends with respect to DOC/DON and DON support the idea that organic 
nitrogen plays an important role in HNM formation. The correlations with respect 
96 
 
to DOC and SUVA254 and for ozonation-chloramination were either weak or did 
not show any apparent trend. 
 Comparison of HNM formation potentials of several DWTP samples, WWTP 
effluents, and hydrophobic (HPO) and transphilic (TPH) NOM fractions of raw 
and treated drinking waters showed that wastewater effluents had significantly 
higher HNM yields than both raw and treated drinking waters and NOM fractions 
for the ozone-chlorination and ozonation chloramination cases. Chlorination and 
chloramination alone did not show apparent trend. These results suggest that 
HNM precursors in wastewater effluents are more reactive toward HNM 
formations after pre-ozonation. This also suggests that the precursors in 
wastewaters are different than the precursors in natural waters, or the reactivity of 
precursors significantly decreases in the receiving water bodies. 
Some recommendations for future research are as follows: 
 It will be important to understand the fate and transport of HNM precursors in 
wastewater effluents in the receiving water bodies because some drinking water 
treatment plants may receive wastewater-derived HNM precursors after they have 
been discharged to a natural water. 
 Systematic studies are needed to understand the impacts of WWTP operational 
conditions and influent wastewater composition (e.g., the influence of industrial 
discharges) on the production of HNM precursors. 
 Since wastewater effluents are complex mixtures, studies using model compounds 
can be conducted to examine the formation of HNM, especially from organic 
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nitrogenous compounds. Some work in this area is currently being conducted in 
Dr. Karanfil’s research group. 
 More accurate methods need to be developed for dissolved organic nitrogen 

























































Figure A.1 Georges Creek WWTP process flow diagram 
 
Influent 












































































































































































































































































Figure A.7 Pelham WWTP process flow diagram 
 
Influent 












































































































WWTP monitoring study results 
 
Table B.1 











(mg/L) (L/mg-m) (g/L) (g/L) (mg/L-N) (mg/L-N) (mg/L-N) (g/L-N) (mg/L-N) 
2/22/2007 10.8 1.1 29 7 3.2 0.06 10.4 <MRL 3.2 
3/8/2007 6.8 1.5 28 6 3.6 0.04 8.3 0.00 3.6 
3/22/2007 6.1 2.2 14 7 4.5 0.06 15.1 0.04 4.4 
4/19/2007 6.4 2.0 21 8 4.0 0.14 16.8 0.04 3.9 
5/3/2007 7.2 1.9 16 9 3.1 0.08 12.7 0.06 3.0 
5/17/2007 6.4 2.0 30 3 3.5 0.17 8.7 0.13 3.4 
5/31/2007 7.5 1.8 33 4 7.5 0.21 7.7 0.16 7.3 
6/14/2007 8.5 2.0 35 7 3.7 0.20 17.4 0.29 3.5 
6/28/2007 9.3 1.7 32 3 5.0 N.S. 13.7 0.23 N.S. 
7/12/2007 6.7 2.2 28 N.S. 3.4 0.11 11.6 0.21 3.3 
7/26/2007 6.1 2.3 33 13 5.4 0.05 12.7 0.09 5.4 
8/9/2007 6.5 2.1 92 6 2.3 0.21 13.0 0.19 2.1 
8/23/2007 6.5 3.1 72 2 2.0 0.28 16.9 0.14 1.7 
9/6/2007 8.4 1.6 75 3 4.6 0.25 12.4 0.17 4.4 
9/20/2007 7.6 1.7 35 3 4.6 0.08 23.8 0.07 4.5 
10/4/2007 6.7 1.8 21 <MRL 3.0 0.09 20.2 0.10 2.9 
10/18/2007 5.1 1.7 4 4 2.1 0.05 10.0 0.13 2.0 
11/1/2007 8.7 1.4 17 3 2.8 0.01 23.5 0.16 2.8 
11/15/2007 7.5 1.6 19 4 3.2 0.11 20.2 0.20 3.1 
11/29/2007 7.9 1.5 21 5 5.8 0.11 22.6 0.05 5.7 






















(mg/L) (L/mg-m) (g/L) (g/L) (mg/L-N) (mg/L-N) (mg/L-N) (g/L-N) (mg/L-N) 
2/22/2007 15.1 1.0 93 10 2.1 0.09 20.8 0.06 2.0 
3/8/2007 12.4 1.0 172 11 1.3 0.19 20.9 0.18 1.1 
3/22/2007 14.9 1.0 79 19 2.0 0.18 28.9 0.39 1.8 
4/5/2007 9.8 1.4 59 18 1.7 0.18 27.1 0.25 1.5 
4/19/2007 15.1 1.1 224 19 1.8 0.05 22.7 0.90 1.8 
5/3/2007 10.4 1.4 85 15 1.7 0.25 25.7 0.47 1.5 
5/17/2007 7.0 1.8 69 15 3.2 0.04 23.5 0.00 3.2 
5/31/2007 7.6 1.8 83 7 2.1 0.11 28.5 0.05 2.0 
6/14/2007 13.4 2.2 275 33 2.9 0.08 32.9 0.03 2.8 
6/28/2007 10.9 1.9 343 37 2.1 0.13 29.8 0.30 2.0 
7/12/2007 7.7 2.0 81 8 3.1 0.08 24.8 0.06 3.0 
7/26/2007 10.8 1.4 114 13 4.3 0.10 20.0 0.13 4.2 
8/9/2007 12.7 1.1 157 6 3.1 0.18 38.3 0.09 2.9 
8/23/2007 5.6 2.3 111 2 2.9 0.07 40.3 0.02 2.9 
9/6/2007 5.7 2.3 97 2 4.8 0.15 40.6 0.03 4.7 
9/20/2007 11.1 1.4 85 4 7.6 0.02 41.9 0.11 7.5 
10/4/2007 10.9 1.5 116 3 6.4 0.31 38.4 0.69 6.1 
10/18/2007 7.7 1.8 43 <MRL 5.7 0.04 39.7 0.02 5.7 
11/1/2007 7.0 1.8 44 5 2.4 0.10 43.4 0.06 2.3 
11/15/2007 6.6 2.1 70 6 5.2 0.04 46.6 0.02 5.2 
11/29/2007 6.6 2.0 61 7 3.5 0.05 49.0 0.01 3.5 

























(mg/L) (L/mg-m) (g/L) (g/L) (mg/L-N) (mg/L-N) (mg/L-N) (g/L-N) (mg/L-N) 
2/22/2007 10.3 1.2 124 3 2.2 0.10 9.7 0.01 2.1 
3/8/2007 8.7 1.2 65 5 2.8 0.06 7.9 0.02 2.7 
3/22/2007 8.9 1.5 53 11 2.7 0.10 15.1 0.04 2.6 
4/5/2007 9.1 1.7 58 10 2.1 0.09 18.5 0.03 2.0 
4/19/2007 8.4 1.6 122 9 1.9 0.10 18.6 0.01 1.8 
5/3/2007 8.0 1.8 188 7 5.4 0.38 20.0 0.06 5.0 
5/17/2007 7.3 1.9 N.S. 4 5.6 0.02 14.4 0.11 5.6 
5/31/2007 7.7 2.0 168 3 4.0 0.08 18.7 0.05 3.9 
6/28/2007 7.6 2.1 86 2 3.1 0.15 21.7 0.13 3.0 
7/12/2007 7.4 2.1 77 <MRL 4.2 0.15 18.9 0.21 4.1 
7/26/2007 7.3 1.9 71 N.S. 3.3 0.07 18.5 0.09 3.2 
8/9/2007 7.8 1.9 328 6 4.4 0.50 20.3 0.18 3.9 
8/23/2007 8.2 1.9 330 3 3.2 0.19 23.2 0.14 3.0 
9/6/2007 9.2 1.5 294 3 4.2 0.20 20.0 0.05 4.0 
9/20/2007 7.9 1.8 217 <MRL 3.9 0.20 25.8 0.08 3.7 
10/4/2007 7.6 1.9 135 <MRL 4.8 0.17 28.8 0.11 4.7 
10/18/2007 7.5 2.0 186 <MRL 4.3 0.09 28.0 0.07 4.2 
11/1/2007 9.0 1.7 116 4 2.1 0.07 29.3 0.03 2.1 
11/15/2007 6.9 2.1 77 5 1.5 0.09 25.6 0.09 1.4 



























(mg/L) (L/mg-m) (g/L) (g/L) (mg/L-N) (mg/L-N) (mg/L-N) (g/L-N) (mg/L-N) 
2/22/2007 12.2 1.2 109 22 1.9 0.09 4.2 0.43 1.8 
3/8/2007 11.6 1.2 79 23 2.1 0.24 4.4 1.05 1.9 
3/22/2007 14.7 1.0 93 55 2.5 0.29 5.9 0.95 2.2 
4/5/2007 11.8 1.2 95 44 2.6 0.12 4.2 0.41 2.5 
4/19/2007 11.9 1.2 84 56 2.1 0.70 4.0 0.81 1.4 
5/3/2007 15.2 1.1 132 68 2.8 1.20 4.5 1.02 1.6 
5/17/2007 11.2 1.4 111 14 2.4 0.05 5.5 0.47 2.3 
5/31/2007 12.7 1.3 89 17 4.2 0.08 6.2 <MRL 4.1 
6/14/2007 12.0 1.6 104 36 4.0 0.20 4.9 0.91 3.8 
6/28/2007 13.8 1.2 142 41 4.8 0.43 5.2 0.48 4.4 
7/12/2007 8.5 1.8 141 40 2.4 0.11 6.5 0.70 2.3 
7/26/2007 8.8 1.8 134 10 3.1 0.08 6.2 0.78 3.0 
8/9/2007 11.2 1.6 196 14 5.7 0.35 4.7 0.19 5.4 
8/23/2007 10.7 1.4 188 9 4.3 0.24 6.3 0.11 4.0 
9/6/2007 7.6 2.0 181 8 3.8 0.16 5.8 0.05 3.7 
9/20/2007 8.7 1.7 161 3 2.5 0.19 9.0 0.02 2.3 
10/4/2007 12.0 1.4 116 2 2.6 0.09 7.9 0.13 2.5 
10/18/2007 11.0 1.5 107 6 3.8 0.06 7.3 0.17 3.8 
11/1/2007 11.0 1.5 80 8 2.4 0.09 8.3 0.08 2.3 
11/15/2007 12.0 1.4 84 6 4.5 0.10 8.5 0.12 4.4 
11/29/2007 16.0 1.4 91 6 3.4 0.07 7.9 0.09 3.3 

























(mg/L) (L/mg-m) (g/L) (g/L) (mg/L-N) (mg/L-N) (mg/L-N) (g/L-N) (mg/L-N) 
2/22/2007 11.4 1.4 183 54 N.S. 0.56 3.4 0.40 N.S. 
3/8/2007 14.5 1.1 348 28 2.4 0.37 3.3 0.19 2.0 
3/22/2007 10.6 1.5 163 21 N.S. 0.18 6.3 0.02 N.S. 
4/5/2007 7.6 2.1 273 21 3.8 0.04 4.5 0.03 3.7 
4/19/2007 8.1 2.0 335 20 5.4 0.09 3.5 0.07 5.3 
5/3/2007 7.4 2.2 221 18 3.1 0.10 6.4 0.02 3.0 
5/17/2007 8.4 2.1 315 26 5.0 0.09 7.1 0.00 4.9 
5/31/2007 7.5 2.3 220 21 6.2 0.03 5.8 0.00 6.2 
6/14/2007 7.1 2.6 174 7 1.7 0.20 5.5 0.03 1.5 
6/28/2007 6.2 3.3 197 22 1.9 0.07 3.3 0.03 1.8 
7/12/2007 7.3 2.6 218 36 4.0 0.12 5.6 0.03 3.9 
8/9/2007 6.8 2.6 307 7 2.3 0.01 5.4 0.02 2.3 
8/23/2007 7.5 2.5 312 7 2.2 0.15 4.3 0.04 2.1 
9/6/2007 6.4 2.5 202 7 5.1 0.22 5.1 0.03 4.9 
9/20/2007 7.0 2.4 243 7 2.9 0.06 8.0 0.03 2.8 
10/4/2007 6.1 2.1 101 <MRL 3.1 0.06 9.2 0.01 3.1 
10/18/2007 8.1 2.0 237 32 3.9 0.06 8.5 0.04 3.8 
11/1/2007 8.3 2.0 181 9 3.6 0.07 8.9 0.01 3.6 
11/15/2007 10.6 1.7 156 9 5.0 0.05 6.7 0.01 4.9 
11/29/2007 7.2 1.9 120 8 4.8 0.06 9.5 0.02 4.7 


























(mg/L) (L/mg-m) (g/L) (g/L) (mg/L-N) (mg/L-N) (mg/L-N) (g/L-N) (mg/L-N) 
2/22/2007 15.5 1.0 80 2 N.S. 0.70 8.6 0.18 N.S. 
3/8/2007 12.0 1.2 61 <MRL 2.2 0.07 5.9 0.10 2.2 
3/22/2007 9.8 1.6 94 9 1.9 0.20 6.4 0.20 1.7 
4/5/2007 12.5 1.4 88 14 2.0 0.11 7.5 0.49 1.9 
4/19/2007 9.8 1.6 93 10 N.S. 0.04 6.6 0.15 N.S. 
5/3/2007 8.7 1.7 94 16 2.8 0.15 6.1 0.18 2.7 
5/17/2007 10.4 1.5 126 10 7.8 0.16 7.3 0.00 7.6 
5/31/2007 9.6 1.8 197 9 5.9 0.11 5.1 0.06 5.7 
6/14/2007 13.0 1.4 116 12 3.7 0.08 4.2 0.21 3.6 
6/28/2007 9.3 1.9 209 6 6.5 0.45 4.8 0.23 6.1 
7/12/2007 7.3 2.2 98 6 2.5 0.25 6.8 0.06 2.3 
8/9/2007 10.0 1.5 133 6 3.5 0.13 5.7 0.10 3.4 
8/23/2007 11.4 1.5 146 8 7.0 0.26 6.5 0.05 6.7 
9/6/2007 8.5 1.7 158 8 4.2 0.16 6.2 0.04 4.1 
9/20/2007 8.8 1.7 109 5 5.0 0.07 10.0 0.08 5.0 
10/4/2007 26.6 0.9 89 11 2.8 0.06 8.7 0.07 2.7 
10/18/2007 10.9 1.6 76 8 2.4 0.11 9.2 0.11 2.3 
11/1/2007 10.9 1.5 62 11 1.6 0.09 7.1 0.08 1.5 
11/15/2007 10.1 1.6 62 11 3.3 0.13 9.1 0.14 3.2 
11/29/2007 9.0 1.7 57 9 5.0 0.04 9.8 0.09 4.9 


























(mg/L) (L/mg-m) (g/L) (g/L) (mg/L-N) (mg/L-N) (mg/L-N) (g/L-N) (mg/L-N) 
2/22/2007 10.4 1.7 38 3 4.8 0.80 19.5 0.02 4.0 
3/8/2007 8.4 1.8 37 <MRL 5.1 0.11 15.7 0.20 5.0 
3/22/2007 8.9 2.0 75 <MRL 5.5 0.12 28.8 0.08 5.4 
4/5/2007 9.4 2.0 51 <MRL 5.9 0.07 35.0 0.06 5.8 
4/19/2007 22.1 0.9 32 <MRL 6.6 0.10 32.0 0.60 6.5 
5/3/2007 10.8 1.8 27 6 2.3 0.25 37.2 0.07 2.1 
5/17/2007 9.8 1.8 39 <MRL 5.4 0.13 33.8 0.00 5.3 
5/31/2007 8.9 2.1 36 1 8.0 0.10 37.4 0.15 7.9 
6/14/2007 7.3 2.8 46 8 3.4 0.13 30.4 0.12 3.3 
6/28/2007 8.0 2.4 48 6 2.4 0.29 24.5 0.39 2.1 
7/12/2007 7.6 2.7 33 3 3.4 0.13 32.4 0.14 3.3 
7/26/2007 6.8 2.8 32 N.S. 3.7 0.09 28.7 0.08 3.6 
8/9/2007 6.9 2.4 79 3 2.3 0.25 27.4 0.15 2.1 
8/23/2007 7.8 2.3 62 2 9.4 0.30 32.9 0.80 9.1 
9/6/2007 6.8 2.5 53 2 3.2 0.25 36.4 0.03 3.0 
9/20/2007 7.0 2.3 34 2 2.3 0.06 47.4 0.11 2.3 
10/4/2007 7.5 2.3 31 <MRL 2.6 0.14 36.4 0.69 2.5 
10/18/2007 6.4 2.6 29 <MRL 4.0 0.12 45.2 <MRL 3.9 
11/1/2007 7.2 2.2 28 <MRL 2.4 0.04 41.3 <MRL 2.3 
11/29/2007 7.0 2.0 33 <MRL 3.2 0.09 45.3 0.01 3.1 
















Formation Potential Experimental Results 
 
Table C.1 
HNM formation potential of Denver South WWTP (9/20/2007) 
(TOC=4.9 mg/L, Br=97 µg/L, Br/DOC=20 µg/mg, SUVA=1.7 L/mg-m) 
 
(mass concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
O3 ND ND ND ND ND ND ND ND ND ND ND ND ND 
Cl2 ND ND 3.0 ND ND 2.1 ND ND ND ND ND 5.1 5.1 
O3-Cl2 ND ND 44.4 ND ND 32.4 ND ND 2.6 ND ND 79.4 79.4 
NH2Cl (24 h) ND ND ND ND ND ND ND ND ND ND ND ND ND 
NH2Cl (72 h) ND ND <MRL ND ND ND ND ND ND ND ND <MRL <MRL 
O3-NH2Cl (24 h) ND ND 1.4 ND ND 0.7 ND ND ND ND ND ND ND 
O3-NH2Cl (72 h) ND ND 8.6 ND ND 2.3 ND ND ND ND ND 10.9 10.9 
 
(molar concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM n 
(nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (-) 
O3 ND ND ND ND ND ND ND ND ND ND ND ND ND  
Cl2 ND ND 18.4 ND ND 9.8 ND ND ND ND ND 28.2 28.2 0.35 
O3-Cl2 ND ND 270.0 ND ND 155.1 ND ND 8.6 ND ND 433.7 433.7 0.42 
NH2Cl (24 h) ND ND ND ND ND ND ND ND ND ND ND ND ND  
NH2Cl (72 h) ND ND <MRL ND ND ND ND ND ND ND ND <MRL <MRL  
O3-NH2Cl (24 h) ND ND 8.3 ND ND 3.2 ND ND ND ND ND 11.4 11.4 0.28 















HNM formation potential of Denver South WWTP (10/18/2007)  
(DOC=5.0 mg/L, Br=88 µg/L, Br/DOC=18 µg/mg, SUVA=1.5 L/mg-m) 
 
(mass concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
O3 ND ND ND ND ND ND ND ND ND ND ND ND ND 
Cl2 ND ND 3.6 ND ND 1.9 ND ND ND ND ND 5.5 5.5 
O3-Cl2 ND ND 40.0 ND ND 22.6 ND ND 1.6 ND ND 64.2 64.2 
NH2Cl (24 h) ND ND <MRL ND ND ND ND ND ND ND ND <MRL <MRL 
NH2Cl (72 h) ND ND <MRL ND ND ND ND ND ND ND ND <MRL <MRL 
O3-NH2Cl (24 h) ND ND 1.5 ND ND ND ND ND ND ND ND 1.5 1.5 
O3-NH2Cl (72 h) ND ND 5.4 ND ND 3.9 ND ND ND ND ND 9.3 9.3 
 
(molar concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM n 
(nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (-) 
O3 ND ND ND ND ND ND ND ND ND ND ND ND ND  
Cl2 ND ND 22.1 ND ND 9.1 ND ND ND ND ND 31.2 31.2 0.29 
O3-Cl2 ND ND 242.9 ND ND 108.1 ND ND 5.5 ND ND 356.5 356.5 0.35 
NH2Cl (24 h) ND ND <MRL ND ND ND ND ND ND ND ND <MRL <MRL  
NH2Cl (72 h) ND ND <MRL ND ND ND ND ND ND ND ND <MRL <MRL  
O3-NH2Cl (24 h) ND ND 9.1 ND ND ND ND ND ND ND ND 9.1 9.1 0.00 














HNM formation potential of Gilder Creek WWTP (4/9/2007) 
(DOC=8.8 mg/L, Br=33 µg/L, Br/DOC=4 µg/mg, DON=1.2 mg/L-N, SUVA=0.9 L/mg-m) 
 
(mass concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
O3 ND ND ND ND ND ND ND ND ND ND ND ND ND 
Cl2 ND ND 3.0 ND ND ND ND ND ND ND ND 3.0 3.0 
O3-Cl2 ND ND 67.6 ND ND 16.2 ND ND ND ND ND 83.8 83.8 
NH2Cl (24 h) ND <MRL 0.8 ND ND ND ND ND ND ND ND 0.8 0.8 
NH2Cl (72 h) ND <MRL 1.6 ND ND ND ND ND ND ND ND 1.6 1.6 
O3-NH2Cl (24 h) ND <MRL 9.1 ND ND 1.3 ND ND ND ND ND 10.4 10.4 
O3-NH2Cl (72 h) ND <MRL 19.8 ND ND 1.5 ND ND ND ND ND 21.3 21.3 
 
(molar concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM n 
(nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (-) 
O3 ND ND ND ND ND ND ND ND ND ND ND ND ND  
Cl2 ND ND 18.3 ND ND ND ND ND ND ND ND 18.3 18.3  
O3-Cl2 ND ND 411.2 ND ND 77.4 ND ND ND ND ND 488.7 488.7 0.16 
NH2Cl (24 h) ND <MRL 4.6 ND ND ND ND ND ND ND ND 4.6 4.6  
NH2Cl (72 h) ND <MRL 9.6 ND ND ND ND ND ND ND ND 9.6 9.6  
O3-NH2Cl (24 h) ND <MRL 55.3 ND ND 6.3 ND ND ND ND ND 61.6 61.6 0.10 














HNM formation potential of Gilder Creek WWTP (9/10/2007) 
(DOC=6.2 mg/L, Br=61 µg/L, Br/DOC=10 µg/mg, DON= 3.4 mg/L-N, SUVA= 2.6 L/mg-m) 
 
(mass concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
O3 ND ND ND <MRL ND ND ND ND ND <MRL ND ND <MRL 
Cl2 ND ND 2.4 ND ND 1.0 ND ND ND ND ND 3.4 3.4 
O3-Cl2 ND ND 45.4 ND ND 33.3 ND 6.8 2.7 ND ND 88.3 88.3 
NH2Cl (24 h) ND <MRL 0.7 ND ND ND ND ND ND ND ND 0.7 0.7 
NH2Cl (72 h) ND ND 1.5 ND ND ND ND ND ND ND ND 1.5 1.5 
O3-NH2Cl (24 h) ND ND 7.8 ND ND 2.9 ND ND 1.0 ND ND 11.7 11.7 
O3-NH2Cl (72 h) ND ND 16.0 ND ND 3.1 ND ND ND ND ND 19.1 19.1 
 
(molar concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM n 
(nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (-) 
O3 ND ND ND <MRL ND ND ND ND ND <MRL ND ND <MRL  
Cl2 ND ND 14.6 ND ND 4.6 ND ND ND ND ND 19.2 19.2 0.24 
O3-Cl2 ND ND 275.9 ND ND 159.4 ND 26.9 9.2 ND ND 471.4 471.4 0.51 
NH2Cl (24 h) ND <MRL 4.5 ND ND ND ND ND ND ND ND 4.5 4.5  
NH2Cl (72 h) ND ND 9.1 ND ND ND ND ND ND ND ND 9.1 9.1  
O3-NH2Cl (24 h) ND ND 47.2 ND ND 13.9 ND ND 3.4 ND ND 64.5 64.5 0.37 















HNM formation potential of Gilder Creek (UV) WWTP (9/10/2007) 
(DOC= 6.9 mg/L, Br= 93µg/L, Br/DOC=10 µg/mg, DON=2.9 mg/L-N, SUVA= 2.2 L/mg-m) 
 
(mass concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
O3 ND ND ND <MRL ND ND ND ND ND <MRL ND ND ND 
Cl2 ND ND 2.4 ND ND ND ND ND ND ND ND 2.4 2.4 
O3-Cl2 ND ND 48.9 ND ND 38.9 ND 9.9 1.6 ND ND 99.3 99.3 
NH2Cl (24 h) ND <MRL <MRL ND ND ND ND ND ND ND <MRL <MRL <MRL 
NH2Cl (72 h) ND ND 1.1 ND ND ND ND ND ND ND ND 1.1 1.1 
O3-NH2Cl (24 h) ND <MRL 7.1 ND ND 2.4 ND ND ND ND <MRL 9.5 9.5 
O3-NH2Cl (72 h) ND ND 16.6 ND ND 2.9 ND ND ND ND ND 19.5 19.5 
 
(molar concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM n 
(nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (-) 
O3 ND ND ND <MRL ND ND ND ND ND <MRL ND <MRL <MRL  
Cl2 ND ND 14.8 ND ND ND ND ND ND ND ND 14.8 14.8  
O3-Cl2 ND ND 297.2 ND ND 186.1 ND 39.2 5.2 ND ND 527.6 527.6 0.53 
NH2Cl (24 h) ND <MRL <MRL ND ND ND ND ND ND ND <MRL <MRL <MRL  
NH2Cl (72 h) ND ND 6.8 ND ND ND ND ND ND ND ND 6.8 6.8  
O3-NH2Cl (24 h) ND <MRL 43.1 ND ND 11.3 ND ND ND ND <MRL 54.5 54.5 0.21 














HNM formation potential of Lower B Reedy WWTP (9/19/2007)  
(DOC= 5.5 mg/L, Br= 76 µg/L, Br/DOC= 13 µg/mg, DON=2.5 mg/L-N, SUVA= 1.8 L/mg-m) 
 
(mass concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
O3 ND ND ND <MRL <MRL ND ND ND ND <MRL <MRL ND <MRL 
Cl2 ND ND 2.1 ND ND 3.1 ND 0.8 ND ND ND 6.0 6.0 
O3-Cl2 ND ND 60.0 ND ND 50.8 ND 14.4 ND ND ND 125.1 125.1 
NH2Cl (24 h) ND <MRL <MRL ND ND ND ND ND ND ND <MRL <MRL <MRL 
NH2Cl (72 h) ND <MRL 0.9 ND ND ND ND ND ND ND <MRL 0.9 0.9 
O3-NH2Cl (24 h) ND 0.9 7.0 ND ND 2.3 ND ND ND ND 0.9 9.3 10.2 
O3-NH2Cl (72 h) ND <MRL 12.8 ND ND 2.8 ND ND ND ND <MRL 15.6 15.6 
 
(molar concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM n 
(nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (-) 
O3 ND ND ND <MRL <MRL ND ND ND ND <MRL <MRL ND <MRL  
Cl2 ND ND 12.9 ND ND 14.7 ND 3.3 ND ND ND 30.8 30.8 0.69 
O3-Cl2 ND ND 364.5 ND ND 243.2 ND 56.6 ND ND ND 664.3 664.3 0.54 
NH2Cl (24 h) ND <MRL <MRL ND ND ND ND ND ND ND <MRL <MRL <MRL  
NH2Cl (72 h) ND <MRL 5.7 ND ND ND ND ND ND ND <MRL 5.7 5.7 0.00 
O3-NH2Cl (24 h) ND 6.7 42.5 ND ND 11.0 ND ND ND ND 6.7 53.6 60.2 0.18 














HNM formation potential of Lower Reedy (UV) WWTP (9/19/2007) 
(DOC= 5.4 mg/L, Br= 78 µg/L, Br/DOC= 14 µg/mg, DON=1.5 mg/L-N, SUVA= 1.7 L/mg-m) 
 
(mass concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
O3 ND ND ND <MRL ND ND ND ND ND <MRL ND ND <MRL 
Cl2 ND ND 1.6 ND ND 2.4 ND ND ND ND ND 4.0 4.0 
O3-Cl2 ND ND 56.3 ND ND 48.8 ND 14.5 3.0 ND ND 122.5 122.5 
NH2Cl (24 h) ND <MRL <MRL ND ND ND ND ND ND ND <MRL <MRL <MRL 
NH2Cl (72 h) ND <MRL <MRL ND ND ND ND ND ND ND <MRL <MRL <MRL 
O3-NH2Cl (24 h) ND ND 4.7 ND ND 1.3 ND ND ND ND ND 6.1 6.1 
O3-NH2Cl (72 h) ND ND 8.5 ND ND 1.8 ND ND ND ND ND 10.3 10.3 
 
(molar concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM n 
(nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (-) 
O3 ND ND ND <MRL ND ND ND ND ND <MRL ND ND <MRL  
Cl2 ND ND 9.6 ND ND 11.6 ND ND ND ND ND 21.3 21.3 0.55 
O3-Cl2 ND ND 342.2 ND ND 233.4 ND 57.1 10.0 ND ND 642.8 642.8 0.59 
NH2Cl (24 h) ND <MRL <MRL ND ND ND ND ND ND ND <MRL <MRL <MRL  
NH2Cl (72 h) ND <MRL <MRL ND ND ND ND ND ND ND <MRL <MRL <MRL  
O3-NH2Cl (24 h) ND ND 28.8 ND ND 6.3 ND ND ND ND ND 35.2 35.2 0.18 














HNM formation potential of Mauldin WWTP (4/9/2007) 
(DOC=10.0 mg/L, Br=56 µg/L, Br/DOC=6 µg/mg, DON=1.1 mg/L-N, SUVA=0.74 L/mg-m) 
 
(mass concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM 
(g/L) (g/L) (g/L) (g/L) (g/L) (g/L) (g/L) (g/L) (g/L) (g/L) (g/L) (g/L) (g/L) 
O3 ND ND ND ND ND ND ND ND ND ND ND ND ND 
Cl2 ND ND 2.1 ND ND ND ND ND <MRL ND ND 2.1 2.1 
O3-Cl2 ND ND 34.5 ND ND 13.2 ND 3.7 0.9 ND ND 52.3 52.3 
NH2Cl (24 h) ND <MRL <MRL ND ND ND ND ND ND ND ND ND ND 
NH2Cl (72 h) ND ND 0.7 ND ND ND ND ND ND ND ND 0.7 0.7 
O3-NH2Cl (24 h) ND <MRL 5.3 ND ND 0.3 ND ND ND ND ND 5.6 5.6 
O3-NH2Cl (72 h) ND ND 13.0 ND ND 0.9 ND ND ND ND ND 13.9 13.9 
 
(molar concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM n 
(nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (-) 
O3 ND ND ND ND ND ND ND ND ND ND ND ND ND  
Cl2 ND ND 12.9 ND ND ND ND ND <MRL ND ND 12.9 12.9  
O3-Cl2 ND ND 209.7 ND ND 63.0 ND 14.7 3.1 ND ND 290.5 290.5 0.35 
NH2Cl (24 h) ND <MRL <MRL ND ND ND ND ND ND ND <MRL <MRL <MRL  
NH2Cl (72 h) ND ND 4.1 ND ND ND ND ND ND ND ND 4.1 4.1 0.00 
O3-NH2Cl (24 h) ND <MRL 32.2 ND ND 1.4 ND ND ND ND <MRL 33.5 33.5 0.04 














HNM formation potential of Mauldin WWTP (9/16/2007) 
(DOC= 4.6 mg/L, Br= 151 µg/L, Br/DOC= 32 µg/mg, DON= 4.9 mg/L-N, SUVA= 2.4 L/mg-m) 
 
(mass concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
O3 ND ND ND <MRL ND ND ND ND ND <MRL ND ND <MRL 
Cl2 ND ND 1.4 ND ND 1.8 ND ND ND ND ND 3.2 3.2 
O3-Cl2 ND ND 15.2 ND ND 38.9 ND 22.9 6.5 ND ND 83.5 83.5 
NH2Cl (24 h) ND <MRL <MRL ND ND ND ND ND ND ND <MRL <MRL <MRL 
NH2Cl (72 h) ND ND 0.7 ND ND ND ND ND 2.3 ND ND 3.0 3.0 
O3-NH2Cl (24 h) ND <MRL 3.3 ND ND 2.4 ND ND ND ND <MRL 5.7 5.7 
O3-NH2Cl (72 h) ND ND 5.5 ND ND 2.9 ND ND ND ND ND 8.4 8.4 
 
(molar concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM n 
(nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (-) 
O3 ND ND ND <MRL ND ND ND ND ND <MRL ND <MRL <MRL  
Cl2 ND ND 8.6 ND ND 8.5 ND ND ND ND ND 17.0 17.0 0.50 
O3-Cl2 ND ND 92.3 ND ND 186.3 ND 90.5 21.7 ND ND 390.8 390.8 1.11 
NH2Cl (24 h) ND <MRL <MRL ND ND ND ND ND ND ND <MRL <MRL <MRL  
NH2Cl (72 h) ND ND 4.2 ND ND ND ND ND 7.6 ND ND 11.8 11.8 1.93 
O3-NH2Cl (24 h) ND <MRL 20.0 ND ND 11.6 ND ND ND ND <MRL 31.6 31.6 0.37 














HNM formation potential of Nogales International WWTP (9/20/2007) 
(DOC=4.0 mg/L, Br=39 µg/L, Br/DOC=10 µg/mg, SUVA=2.0 L/mg-m) 
 
(mass concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
O3 ND ND ND ND ND ND ND ND ND ND ND ND ND 
Cl2 ND ND 2.6 ND ND ND ND ND ND ND ND 2.6 2.6 
O3-Cl2 ND <MRL 36.3 ND ND 10.1 ND 1.4 ND ND <MRL 47.8 47.8 
NH2Cl (24 h) ND ND ND <MRL ND ND ND ND ND <MRL ND ND ND 
NH2Cl (72 h) ND ND <MRL <MRL <MRL ND ND ND ND <MRL <MRL ND ND 
O3-NH2Cl (24 h) ND ND <MRL ND ND ND ND ND ND ND ND <MRL ND 
O3-NH2Cl (72 h) ND <MRL 0.8 ND ND ND ND ND ND ND <MRL 0.8 0.8 
 
(molar concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM n 
(nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (-) 
O3 ND ND ND ND ND ND ND ND ND ND ND ND ND  
Cl2 ND ND 15.7 ND ND ND ND ND ND ND ND 15.7 15.8  
O3-Cl2 ND <MRL 220.5 ND ND 48.3 ND 5.7 ND ND <MRL 274.5 274.5 0.22 
NH2Cl (24 h) ND ND ND <MRL ND ND ND ND ND <MRL ND ND ND  
NH2Cl (72 h) ND ND <MRL <MRL <MRL ND ND ND ND <MRL <MRL <MRL ND  
O3-NH2Cl (24 h) ND ND <MRL ND ND ND ND ND ND ND ND ND ND  














HNM formation potential of Nogales International WWTP (10/18/2007) 
(DOC=3.8 mg/L, Br=44 µg/L, Br/DOC=11 µg/mg, SUVA=2.1 L/mg-m) 
 
(mass concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
O3 ND ND ND ND ND ND ND ND ND ND ND ND ND 
Cl2 ND ND 2.9 ND ND 1.4 ND ND ND ND ND 4.3 4.3 
O3-Cl2 ND ND 49.1 ND ND 15.3 ND 0.7 ND ND ND 65.0 65.0 
NH2Cl (24 h) ND ND ND ND ND ND ND ND ND ND ND ND ND 
NH2Cl (72 h) ND ND <MRL ND ND ND ND ND ND ND ND <MRL <MRL 
O3-NH2Cl (24 h) ND ND <MRL ND ND ND ND ND ND ND ND <MRL <MRL 
O3-NH2Cl (72 h) ND ND 1.8 ND ND ND ND ND ND ND ND 1.8 1.8 
 
(molar concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM n 
(nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (-) 
O3 ND ND ND ND ND ND ND ND ND ND ND ND ND  
Cl2 ND ND 17.7 ND ND 6.6 ND ND ND ND ND 24.2 24.2 0.27 
O3-Cl2 ND ND 298.2 ND ND 73.1 ND 2.6 ND ND ND 374.0 374.0 0.21 
NH2Cl (24 h) ND ND ND ND ND ND ND ND ND ND ND ND ND  
NH2Cl (72 h) ND ND <MRL ND ND ND ND ND ND ND ND <MRL <MRL  
O3-NH2Cl (24 h) ND ND <MRL ND ND ND ND ND ND ND ND <MRL <MRL  














HNM formation potential of Pelham WWTP (4/9/2007) 
(DOC=10.3 mg/L, Br=50 µg/L, Br/DOC=5 µg/mg, DON=0.9 mg/L-N, SUVA=0.9 L/mg-m) 
 
(mass concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
O3 ND ND ND ND ND ND ND ND ND ND ND ND ND 
Cl2 ND ND 1.8 ND ND ND ND ND ND ND ND 1.8 1.8 
O3-Cl2 ND ND 50.7 ND ND 11.7 ND ND ND ND ND 62.3 62.3 
NH2Cl (24 h) ND <MRL 0.7 ND ND ND ND ND ND ND <MRL 0.7 0.7 
NH2Cl (72 h) ND ND 1.4 ND ND ND ND ND ND ND ND 1.4 1.4 
O3-NH2Cl (24 h) ND ND 8.6 ND ND 0.8 ND ND ND ND ND 9.5 9.5 
O3-NH2Cl (72 h) ND <MRL 15.6 ND ND 0.8 ND ND ND ND <MRL 16.4 16.4 
 
(molar concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM n 
(nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (-) 
O3 ND ND ND ND ND ND ND ND ND ND ND ND ND  
Cl2 ND ND 11.0 ND ND ND ND ND ND ND ND 11.0 11.0  
O3-Cl2 ND ND 308.1 ND ND 55.9 ND ND ND ND ND 363.9 363.9 0.15 
NH2Cl (24 h) ND <MRL 4.1 ND ND ND ND ND ND ND <MRL 4.1 4.1  
NH2Cl (72 h) ND ND 8.3 ND ND ND ND ND ND ND ND 8.3 8.3  
O3-NH2Cl (24 h) ND ND 52.6 ND ND 3.9 ND ND ND ND ND 56.4 56.4 0.07 














HNM formation potential of Pelham WWTP (9/16/2007) 
(DOC= 5.8 mg/L, Br= 51 µg/L, Br/DOC= 9 µg/mg, DON=3.6 mg/L-N, SUVA= 1.6 L/mg-m) 
 
(mass concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
O3 ND ND ND <MRL ND ND ND ND ND ND ND <MRL <MRL 
Cl2 ND ND 2.5 ND ND 0.8 ND ND ND ND ND 3.2 3.2 
O3-Cl2 ND ND 41.5 ND ND 24.4 ND ND <MRL ND ND 66.4 66.4 
NH2Cl (24 h) ND ND <MRL ND ND ND ND ND ND ND ND <MRL <MRL 
NH2Cl (72 h) ND <MRL 1.2 ND ND ND ND ND ND ND <MRL 1.2 1.2 
O3-NH2Cl (24 h) ND <MRL 6.9 ND ND 0.9 ND ND ND ND <MRL 7.9 7.9 
O3-NH2Cl (72 h) ND <MRL 13.8 ND ND 1.5 ND ND ND ND <MRL 15.4 15.4 
 
(molar concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM n 
(nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (-) 
O3 ND ND ND <MRL ND ND ND ND ND ND ND <MRL <MRL  
Cl2 ND ND 15.0 ND ND 3.7 ND ND ND ND ND 18.7 18.7 0.20 
O3-Cl2 ND ND 252.3 ND ND 116.5 ND ND <MRL ND ND 370.7 370.7 0.33 
NH2Cl (24 h) ND ND <MRL ND ND ND ND ND ND ND ND <MRL <MRL  
NH2Cl (72 h) ND <MRL 7.5 ND ND ND ND ND ND ND <MRL 7.5 7.5  
O3-NH2Cl (24 h) ND <MRL 42.0 ND ND 4.5 ND ND ND ND <MRL 46.5 46.5 0.10 













HNM formation potential of Pelham (UV) WWTP (9/16/2007) 
(DOC= 4.9 mg/L, Br= 47 µg/L, Br/DOC= 10 µg/mg, DON=3.5 mg/L-N, SUVA= 1.9 L/mg-m) 
 
(mass concentration results) 
Disinfection Method CNM BNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
O3 ND ND ND <MRL <MRL ND ND ND ND <MRL <MRL ND <MRL 
Cl2 ND ND 2.2 ND ND 0.9 ND ND ND ND ND 3.1 3.1 
O3-Cl2 ND ND 37.3 ND ND 22.3 ND 5.1 <MRL ND ND 64.7 64.7 
NH2Cl (24 h) ND ND <MRL ND ND ND ND ND ND ND ND <MRL <MRL 
NH2Cl (72 h) ND ND 0.8 ND ND ND ND ND 2.7 ND ND 3.5 3.5 
O3-NH2Cl (24 h) ND <MRL 4.5 ND ND 0.9 ND ND ND ND <MRL 5.4 5.4 
O3-NH2Cl (72 h) ND ND 10.1 ND ND 1.5 ND ND ND ND ND 11.6 11.6 
 
(molar concentration results) 
Disinfection Method CNM BNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM n 
(nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (-) 
O3 ND ND ND <MRL <MRL ND ND ND ND <MRL <MRL ND <MRL  
Cl2 ND ND 13.1 ND ND 4.4 ND ND ND ND ND 17.5 17.5 0.25 
O3-Cl2 ND ND 226.7 ND ND 106.8 ND 20.2 <MRL ND ND 353.7 353.7 0.42 
NH2Cl (24 h) ND ND <MRL ND ND ND ND ND ND ND ND <MRL <MRL  
NH2Cl (72 h) ND ND 4.6 ND ND ND ND ND 9.2 ND ND 13.8 13.8 2.01 
O3-NH2Cl (24 h) ND <MRL 27.4 ND ND 4.4 ND ND ND ND <MRL 31.8 31.8 0.14 














HNM formation potential of Piedmont WWTP (4/9/2007) 
(DOC=12.4 mg/L, Br=26 µg/L, Br/DOC=2 µg/mg, DON=1.2 mg/L-N, SUVA=0.9 L/mg-m) 
 
(mass concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
O3 ND ND ND ND ND ND ND ND ND ND ND ND ND 
Cl2 ND ND 3.0 ND ND ND ND ND ND ND ND 3.0 3.0 
O3-Cl2 ND ND 53.5 ND ND 8.1 ND ND ND ND ND 61.6 61.6 
NH2Cl (24 h) ND <MRL 0.7 ND ND ND ND ND ND ND <MRL 0.7 0.7 
NH2Cl (72 h) ND <MRL 1.7 ND ND ND ND ND ND ND <MRL 1.7 1.7 
O3-NH2Cl (24 h) ND <MRL 10.1 ND ND 1.1 ND ND ND ND <MRL 11.2 11.2 
O3-NH2Cl (72 h) ND <MRL 15.2 ND ND 1.2 ND ND ND ND <MRL 16.3 16.3 
 
(molar concentration results) 
Disinfection Method CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM n 
(nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (-) 
O3 ND ND ND ND ND ND ND ND ND ND ND ND ND  
Cl2 ND ND 18.0 ND ND ND ND ND ND ND ND 18.0 18.0  
O3-Cl2 ND ND 325.3 ND ND 38.9 ND ND ND ND ND 364.2 364.2 0.11 
NH2Cl (24 h) ND <MRL 4.5 ND ND ND ND ND ND ND <MRL 4.5 4.5  
NH2Cl (72 h) ND <MRL 10.3 ND ND ND ND ND ND ND <MRL 10.3 10.3  
O3-NH2Cl (24 h) ND <MRL 61.6 ND ND 5.2 ND ND ND ND <MRL 66.9 66.9 0.08 














HNM formation potential of Piedmont WWTP (9/16/2007) 
(DOC= 5.0 mg/L, Br= 25 µg/L, Br/DOC= 5.0 µg/mg, DON=2.8 mg/L-N, SUVA= 2.7 L/mg-m) 
 
(mass concentration results) 
Disinfection Method CNM BNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
O3              
Cl2 ND ND 2.1 ND ND <MRL ND ND ND ND ND 2.1 2.1 
O3-Cl2 ND ND 31.3 ND ND 12.0 ND ND 1.5 ND ND 44.8 44.8 
NH2Cl (24 h) ND <MRL <MRL ND ND ND ND ND <MRL ND ND ND ND 
NH2Cl (72 h) ND <MRL <MRL ND ND ND ND ND ND ND ND ND ND 
O3-NH2Cl (24 h) ND <MRL 2.2 ND ND <MRL ND ND <MRL ND ND 2.2 2.2 
O3-NH2Cl (72 h) ND <MRL 5.3 ND ND <MRL ND ND ND ND ND 5.9 5.9 
 
(molar concentration results) 
Disinfection Method CNM BNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM MHNM DHNM THNM HNM n 
(nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (-) 
O3               
Cl2 ND ND 12.8 ND ND <MRL ND ND ND ND ND 12.8 12.8  
O3-Cl2 ND ND 190.5 ND ND 57.5 ND ND 5.0 ND ND 252.9 252.9 0.29 
NH2Cl (24 h) ND <MRL <MRL ND ND ND ND ND <MRL ND ND ND ND  
NH2Cl (72 h) ND <MRL <MRL ND ND ND ND ND ND ND ND ND ND  
O3-NH2Cl (24 h) ND <MRL 13.1 ND ND <MRL ND ND <MRL ND ND 13.1 13.1  















Allen, A. (2007). Personal Communication. Western Carolina Regional Sewer Authority: 
Reasons for UV Disinfection. 
  
Barker, J., Stuckey, D. (1999). "A review of soluble microbial products (SMP) in 
wastewater treatment systems." Water Research 33(14): 3063-3082. 
  
Barker, J., Stuckey, D. (2001). "Modeling of soluble microbial products in anaerobic 
digestion: the effect of feed strength and composition." Water Research 73(2): 173-184. 
  
Bonacquisti, T. (2006). "A drinking water utility’s perspective on bromide, bromate, and 
ozonation." Toxicology 221: 145-148. 
  
Bull, R. J. (2003). “Are organic nitrogen-containing disinfection by-products potential 
causes for bladder cancer and reproductive effects”. Proceedings of the American Water 
Works Association Annual Conference. 
  
Choi, J., Richardson, S. (2004). “Formation studies of halonitromethanes in drinking 
water”. Proceedings of the American Water Works Association Water Quality 
Technology Conference. 
  
Crook, J., MacDonald, J., Trussell, R. (1999). "Potable use of reclaimed water." Journal 
of the American Water Works Association 91(8): 40-49. 
  
Droste, R. L. (1997). Theory and practice of water and wastewater treatment. New York, 
NY, John Wiley & Sons. 
  
Gagnon, G., Dykstra, T., O'Leary, K.,  Andrews, R., Chauret, C., Volk, C. (2004). 
“Impact of UV disinfection on Biological Stability”. American Water Works Association 
Research Foundation Report. 
  
Grady, C., Daigger, G., Lim, H. (1999). Biological Wastewater Treatment, 2nd Edition 
New York, NY, Marcel Dekker. 
  
Guten, U. (2003). "Ozonation of drinking water: Part II. Disinfection and by-product 
formation in presence of bromide, iodide, or chlorine." Water Research 37: 1469-1487. 
  
Haas, C. (1999). “Chapter 14: Disinfection” in Water Quality and Treatment: A 
handbook of community water supply. R. D. Letterman. New York, McGraw-Hill. 
   
Hejzlar, J., Chudoba, J. (1986). "Microbial Polymers in the Aquatic Environment." Water 




Hoigne, J., Bader, H. (1988). "The Formation of Trichloronitromethane (Chloropicrin) 
and Chloroform in a Combined Ozonation/Chlorination Treatment of Drinking Water." 
Water Research 22(3): 313-319. 
  
Hong, Y., Liu, S., Song, H. and Karanfil, T. (2007). "HAA Formation Pathways and 
Kinetics during Chloramination." Journal of American Water Works Association 99(8): 
57-69. 
  
Hong, Y., Liu, S., Song, H. Hu, J., Ates, N. and Karanfil, T. (2008). "The Effects of 
Quenching Agents on HAA Determination in Chloraminated Waters." Journal of 
American Water Works Association 100 (2): 89-99. 
  
Hu, J. (2008). Personal Communication. Drinking Water HNM Formation Potential 
Tests. 
  
Jarusutthirak, J., Amy, G. (2007). "Understanding Soluble Microbial Products (SMP) as a 
Component of Effluent Organic Matter (EfOM)." Water Research 41: 2787-2793. 
  
Kang, S., Allbaugh, T, Reynhout, J., Erickson, T., Olmstead, K., Thomas, L., Thomas, P. 
(2004). "Selection of a Ultra-Violet Disinfection System for a Municipal Wastewater 
Treatment Plant." Water Science and Technology 50(7): 163-169. 
 
Kashinkunti, R., Metz, D., DeMarco, J., Awad, J, Linden, K. , Reckhow, D., Malley, J. 
(2006). “UV/Chlorine: Looking beyond conventional DBPs”. Proceedings of the 
American Water Works Association Water Quality Technology Conference. 
  
Krasner, S., Pastor, S., Chinn, R., Sclimenti, M., Weinburg, H., Richardson, S., Thruston, 
A. (2004). “The Occurence of a New Generation of DBPs (Beyond the ICR).” 
Proceedings of the American Water Works Association Water Quality Technology 
Conference. 
  
Krasner, S., Chinn, R., Guo, Y., Hwang, C., Pastor, S., Sclimenti, M., Westerhoff, P., 
Chen B., Chowdhury, Z., Sinha, S., Rittmann, B. (2005). “Contribution of Wastewater to 
DBP Formation.” Proceedings of the American Water Works Association Water Quality 
Technology Conference. 
  
Krasner, S., Westerhoff, P, Chen, B., Amy, G., Nam, S. (2005). “Contribution of 
Wastewater to DBP Formation: Case Study of an Effluent Impacted River.” Proceedings 
of the American Water Works Association Water Quality Technology Conference. 
  
Krasner, S. (2006). “Wastewater-Derived Disinfection By-products.” Proceedings of the 




Krasner, S., Westerhoff, P., Chen, B., Amy, G., Nam, S., Chowdhury, Z., Sinha, S., 
Rittman, B. (2008). “Contribution of Wastewater to DBP Formation”, American Water 
Work Association Research Foundation Report (in press). 
  
Lee, W., Westerhoff, P., Croue, J. (2007). "Dissolved Organic Nitrogen as a Precursor for 
Chloroform, Dichloroacetonitrile, N-Nitrosodimethylamine, and Trichloronitromethane." 
Environmental Science and Technology (in press). 
  
Leenheer, J., Croue, J. (2003). "Aquatic Organic Matter: Understanding the Unknown 
Structures is Key to Better Treatment of Drinking Water." Environmental Science and 
Technology 37(1): 18A-26A. 
  
Liberti, L., Notarnicola, M., Petruzzelli, D. (2002). "Advanced Treatment for Municipal 
Wastwater Reuse in Agriculture UV Disinfection: Parasite Removal and By-Product 
Formation." Desalination 152: 315-324. 
  
Liu, W., Andrews, S., Bolton, J., Linden, K., Sharpless, C., Stepfan, M. (2002). 
"Comparison of Disinfection By-Product (DBP) Formation from Different UV 
Technologies at Bench Scale." Water Science and Technology 2(5-6): 515-521. 
  
Liu, W., Cheung, L., Yang, X., Shang, C. (2006). "THM, HAA and CNCl Formation 
from UV Irradiation and Chlor(am)ination of Selected Organic Waters." Water Research 
40: 2033-2043. 
  
Mackey, M., Cushing,R., Crozes, G. (2001). “Practical Aspects of UV Disinfection”, 
American Water Works Association Research Foundation Report. 
  
Merlet, N., H. Thibaud, M. (1985). "Chloropicrin Formation during Oxidative Treatments 
in the Preparation of Drinking Water." The Science of the Total Environment 47: 223-
228. 
  
Miller, G. W. (2006). "Integrated Concepts in Water Reuse: Managing Global Water 
Needs." Desalination 187: 65-75. 
  
Moreno, B., Goni, F., Fernandez, O., Martinez, J., Astigarraga, M. (1997). "The 
Disinfection of Wastewater by Ultra-Violet Light." Water Science and Technology 
35(11-12): 233-235. 
  
Owen, D., Amy, G., Chowdhury, Z., Paode, R., McCoy G., Viscosil, S. (1995). "NOM 





Pehlivanoglu, E., Sedlak, D. (2006). "Wastewater-Derived Dissolved Organic Nitrogen: 
Analytical Methods, Characterization, and Effects- A Review." Critical Reviews in 
Environmental Science and Technology 36: 261-285. 
  
Plewa, M., Wagner, E., Jazwierska, P., Richardson, S., Chen, P., McKague, A. (2004). 
"Halonitromethane Drinking Water Disinfection By-Products: Chemical Characterization 
and Mammalian Cell Cytotoxicity and Genotoxicity." Environmental Science and 
Technology 38: 62-68. 
  
Plewa, P., Wagner, E., Muellner, M., Hsu, K., Richardson, S. (2008 (in press)). Chapter 
3: “Comparative Mammalian Cell Toxicity of N-DBPs and C-DBPs” in Occurrence, 
Formation, Health Effects and Control of Disinfection By-Products in Drinking Water.  
T. K. Karanfil, S.W., Westerhoff, P. and Xie, Y, American Chemical Society. 
  
Richardson, S., Thruston, A., Caughran, T., Chen, P., Collet, T., Floyd, T., Schenk, M., 
Lykins, B., Sun, C., Majetich, G. (1999). "Identification of new drinking water 
disinfection byproducts formed in the presence of bromide." Environmental Science and 
Technology 33: 3378-3383. 
  
Richardson, S., Thruston, A., Caughran, T., Chen, P., Collet, T., Floyd, T., Schenk, M., 
Lykins, B., Sun, C., Majetich, G. (1999). "Identification of Ozone Disinfection By-
Products in Drinking Water." Environmental Science and Technology 33: 3368-3377. 
  
Richardson, S. D. (2003). "Disinfection By-Products and Other Emerging Contaminants 
in Drinking Water." Trends in Analytical Chemistry 22(10): 666-684. 
 




 as a New Environmental Tracer or 
Geochronometer for biogeochemical or Hydrodynamic Processes in the Hydrosphere and 
Geosphere: The Central Role of Organo-Iodine”. Science of the Total Environment 
321(1-3): 257-271. 
  
Sakamoto, G., Schwartzel, D., Tomowich, D. (2001). "UV Disinfection for Reuse 
Applications in North America." Water Science and Technology 43(10): 173-178. 
  
Scorecard. (2008). "Chemical Profiles: Triethanolamine." Retrieved December 7, 2008, 
from http://www.scorecard.org/chemical-profiles. 
  
Shon, H., Vigneswaran, S., Snyder, S. (2006). "Effluent Organic Matter (EfOM) in 
Wastewater: Constituents, Effects, and Treatment." Reviews in Environmental Science 
and Technology 36: 327-374. 
  
Sirivedhin, T., Gray, K. (2005). "Identifying Anthropogenic Markers in Surface Waters 




Snicer, G., Malley, J., Margolin, A., Hogan, S. (2000). “UV Inactivation of Viruses in 
Natural Waters.” American Water Work Association Research Foundation Report. 
  
Tchobanoglous, G., Burton, F., Stensel, H. (2003). Wastewater Engineering. Boston, 
McGraw-Hill. 
  
Urbain, V., Mobarry B., de Silva, B., Stahl, D., Rittmann, B, Manem, J (1998). 
"Integration of Performance, Molecular Biology and Modeling to Describe the Activated 
Sludge Process." Water Science and Technology 37(3): 223-229. 
  
Wei, Y., Wu, J., Henriques, C., Reavis, W., Page, P., Thomas, R. (2002). “How Organic 
Nitrogen Compounds in Surface Water Relate to DBP Formation in Drinking Water 
Treatment Plants.” Proceedings of the American Water Works Association Water Quality 
Technology Conference. 
  
Weinburg, H., Krasner, S., Richardson, S., Thruston, A.. (2002). “The Occurrence of 
Disinfection By-Products of Health Concern in Drinking Water: Results of a Nationwide 
DBP Occurrence Study.” U.S. Environmental Protection Agency Report. 
  
Westerhoff, P., Esparza-Moto, M. (2003). “Occurrence and Treatablity of DON in Water 
Supplies.” Proceedings of the American Water Works Association Annual Conference. 
  
Wolfe, R. (1990). "Ultra-Violet Disinfection of Potable Water." Environmental Science 
and Technology 24(6): 768-773. 
  
Yang, X., Shang,C., Westerhoff, P. (2007). "Factors Affecting Formation of 
Haloacetonitriles, Haloketones, Chloropicrin, and Cyanogen Halides During 
Chloramination." Water Research 41: 1193-1200. 
  
Zheng, M., Andrews, S., Bolton, J. (1999). “Impacts of Medium-Pressure UV on THM 
and HAA Formation in Pre-UV Chlorinated Drinking Waters.” Proceedings of the 
American Water Works Association Annual Conference. 
  
Zhou, H., Smith, D. (2001). "Advanced Technologies in Water and Wastewater 
Treatment." Canadian Journal of Civil Engineering 28(1): 49-66. 
 
 
